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A mee radiolysis conductance method has been used 
to measure electron mobilities, ion mobilities, and free jon 
yields in the Cy - Cy alkanes and alkenes, with the exception 
of the butenes. Measurements were made as functions of 
electric field strength E, along the co-existence curve from 
the densities of the normal vapors and liquids to that of 
the supercritical fluid. Measurements were also made in the 
gas phase along a number of isochores. 

The low field density-normalized electron mobility, 
ua, decreased in the low density gas with increasing mole- 
cular size, permanent dipole moment, or degree of sphericity. 
At constant density the mobility had a non-negative tempera- 
eamemcoerfhicient. At high electric field strengths the 
electron mobility in the low density gases, increased with 
Es except in ethene, cyclopropane and n-butane. At higher 
densities, the mobility decreased at high field strengths in 
all the compounds. With the exception of isobutane, the 
Wan values decreased at higher densities. These values 
tended to increase again as the critical density was app- 
moached: At high liquid phase densities, the Wan values 
decreased once more. The electron mobility was affected more 
by the temperature than by the density in the liquid phase. 

The ion mobility was independent of electric field 
Berength up to the highest fields used, which was 40 + 10 


kV/cm in the liquid and 3 + 2 kV/cm in the dilute gas. The 


aa 


fh ASAT eee eer agn ae, hte ~ rar), 
~~, a, mee pa Pay | ry ws Bt)” 
i ia 1 , : Ve - oe 
ah Ln) Vv fl - : 
cn ii tn een } am) 
f iis 0) etn bs : 9 
; 1 
Ty i be oa 
Bi dacare te & M! 
i) . r ae 
. a 2) 
of 


* 


hau. asd 2bh, 1 bein. esate | pieyTetdal 
ok wae tt i. tat Ree net b exstrhtidon rostomly 


pay sos ee fk i agit ‘bh a seqedts te : ae 


+2) anvil oat 2% bien sou cicueanieen ar 


ma nt. sintps anna teeeee te Suk Baha a A xpnanhe bh 
=e 7 oe it fy Sats ; se re sf 
mt iy | : co i re i ry 7 
i 6 +4 4 ‘ : a ‘ % iy wo ‘Y | Ry a5 bs ba! Og Wy t Se ot b | | et 
mp | \ Y f — Pt | } , e - 
P 4 ; ‘ . 4 i “ of 6 ree P ? Ls a ae re min ‘ | tes 


Ey, et ne ee 


ie Tn } 1 ay fa 4 5 ‘ Te Key 44 4 5 ‘ft 5 OP a ey 2 ? gay D } *) t Mi 


ot . : 4 
‘ e! uy | * * 
gi Pe G breiet it fae, eo) BADR 
/ - 1 $y Te i t Berd th = * eo y 9) Sat 
‘ ~~ 4 wt ts 
\ Te vi iit. fj f ee it ae te ae ot { on Dual 
/ ‘, 
i i re i ia Pn 
“ anf he ( ia p 1% 4 \ = 
‘ a in 
Wi Ek TT Bs vs | i ; : 
Ar 
‘ - r i (i win | ; ¢ f ' ot ij £ m 3 4 a 
; t , 
* = % «i b Pay" ¥ Bild my 
in| ib its : ar. t } ; } 4 ‘ 


Se Pet ESOS SOMA, Sire) Mea thay 
Z ; ¢ - ue 5 “j y 1 ‘ ‘ rf f, ae rt Fy f pe i a “y 5} { 
§ A Bey 4 y a, Ory, 
; re 4 
i 
1am, eeu espe Luaveto ae Thee SWOT 
. e i i . : ie 
‘ ‘ ? ar 
att wy at EPP shay Mente While dae 
“) ey ‘ 
J ; : i a a a 8 ' wel fii ie vi 
=e ‘ Ag) ee a f ee! : 
Set Dehas he 6. 2eW wit Tm AOS SSF aS ast! sab FG 
y * ; i si a i“ ‘ : “Oe Be 5 1 i ; a i 
: y ; Y ; : Ds an i re : be 
ah ] P ane! ! - ; Se x) we ea hay £4 ‘ve Ae 
F ‘2 # is BE A Pe ae } ‘ 33 in 7 a ‘4 8 hd a Ay: t i ee , an fa rei : 
% ; ‘ \ a if 4 a \ : i an : mn 
ie ‘ > 


rete ams OF te. are finbeen! 3 tn“ an icin: 


Oe Main ; , : 
" Oh sa aGh Wg hae bien 


i. Ay aly ately 2% fi a Pat bint 
y . ’ ree 


ee 
‘ U od ed a 


density-normalized ion mobility, H,n, was affected in the 
dilute gas largely by the molecular size. The temperature 
coefficient of the ion mobility at constant density was 
positive in all cases and tended’to be larger than that of 

the electron mobility at the same density. Along the co- 
existence curve at temperatures away from the critical region, 
the vapor phase temperature coefficient of the ion mobility 


was similar to AH tie neat Of vaporization of the liquid 


at its normal boiling point, since up, varied as fell The 


vap’ 


liquid phase coefficient correlated with the activation 
energy of the viscosity. 

Assumption of a modified gaussian distribution of 
electron Neenmaliea ties lengths allowed application of a 
model’ based on Onsager's equation to extract electron therm- 
alization ranges from the experimental free ion yields. In 
the low density gas, the density-normalized thermalization 
range bd was found to decrease with increasing molecular 
size, unsaturation of the carbon-carbon bonds and permanent 
dipole moment. In the liquid near the critical point the 
bd values were strongly affected by the stability of the 
localized electron state. Addition of SF to isobutane de- 


Creased the bd values and removed the temperature variation. 
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A. General 

1. The Ionization Process 

High energy radiation travelling through a medium inter- 
acts with the molecules in its path. These molecules absorb 
energy and dissociate into a high energy electron and an 
mreti,c). In turn, the electron can cause further dissocia- 
tions until its kinetic energy is reduced below the ioniza- 
tion potential of the molecules (~10 eV). The electron will 
continue to lose energy in electronic excitation of molecules 
until its kinetic energy drops below the electronic excita- 
tion threshold (~4 eV). Further losses of energy can occur 
by intramolecular vibrational excitation (~0.1 eV). The 
electron loses the final part of its, energy (0.1 > energy > 
thermal energy) by rotational excitation of the molecules 
and to intermolecular modes. When the electron reaches 
thermal energy, there can still be appreciable electrostatic 
attraction towards the ion. The jion-electron pair can re- 
combine (geminate neutralization) or drift apart (free ion 
formation). If the latter occurs, the electron and ion 
will diffuse randomly through the fluid until eventually 
recombining with other free ions (random neutralization). 


These processes can be represented by: 


M A /\\— EM" Poceee( 1 toni zation 


[M* +e] — > MM (2) geminate neutralization 
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+ és + . 
[M + e ] ——3}M +e (3) free ion formation 
+ = 
M +e —P™”M (4) random neutraliza- 
tion 


where M is a molecule and e an electron. The squiggly 
arrow indicates the absorption of energy. The square 
brackets indicate the existence of electrostatic attraction 
that is appreciable compared to thermal energy. 

Free ions are so named because there is a negligible 
interaction between them, so they diffuse separately in the 
make triuid. ».On the other hand, a group of. ion pairs .can 
be created close to each other. The ionization probability 
of a molecule by a 10 to 50 eV electron is near 1. AS a 
result, if a molecule ionizes, ejecting a 30 eV electron, 
that electron will ionize the first molecule it encounters, 
which in a liquid or dense gas will be within a molecular 
diameter or two of the ionized molecule. The second mole- 
cule will also eject an electron and if its energy is 
~10 eV, will also ionize a nearest neighbour. After their 
energies decrease below the ionization potential the 
electrons will move away from the molecules an average 
thermalization distance (in a hydrocarbon liquid) of 


about 107° 


cm (3). The ions will have moved very little 
during this time. There is appreciable electrostatic 
repulsion between the ions and attraction between the 
ions and the electrons. In any group of ion-electron 


Pairs where this is true there is a significant prob- 
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ability that they will react with each other before dif- 
fusing into the bulk medium. These groups are said to be 
ineo spur”. 

If a liquid is irradiated by high energy electrons or 
emocons about half of the ionizations occur as isolated 
events, forming single pair spurs. The other half of the 
ionizations occur in clusters of two or more, forming 
multipair spurs (3). Kinetic treatment of multipair spurs 
has only been accomplished with gross assumptions. However, 
multipair spurs rapidly decay to single pair spurs through 
the geminate neutralization of the innermost electrons. As 
a result, about two thirds of the ionizations in the liquid 
can be treated by a single pair spur model. Almost all 
estimates of electron thermalization distances reported 


to date are based on the single pair spur model (4-6). 


2. Terminology 


A charged particle in an electric field E is acceler- 
ated by the electric force eE and gains energy (7). In 
a fluid, the particle will undergo collisions and lose 
energy. A constant average velocity called the drift 
velocity is reached. If the energy gained between col- 
mis1ons is lost at a collision, then the drift velocity 
depends linearly on E. The proportionality constant 
between the drift velocity and the electric field strength 
is called the mobility. The maximum velocity attained 


between collisions (and hence the drift velocity) depends 
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on the length of time that the particle is accelerated by 
the field, that is the time between collisions. The time 
between collisions in a low density gas is inversely pro- 
portional to the number of molecules per unit volume, n. As 
meresult, the drift velocity depends on (E/n). This ratio 
will be used in discussions of mobility in subsequent 
sections. 

If a beam of electrons is passed through a gas Sample, 
the beam will be attenuated by collisions of the electrons 
with the molecules. If the sample is sufficiently thin, 
that is an electron once scattered from the beam is unlikely 
to undergo a second collision that scatters it back into 


the beam, the intensity of the beam is given by 
I = I exp (-nox ) (5) 


where eo is the intensity when n = 0, x is the distance 
that the beam travels through the sample (8), and o is 


the scattering cross-section of a molecule. 


Bennistorical 

fmeorigins, of Conductivity. Studies 

The effect of high energy radiation on the conduct- 
ivity of insulators has been known since the turn of the 
century. Thomson found that X-rays increased the con- 
ductivity not only of gases (air), but also of liquids 


(vaseline oil) and solids (glass) (9). Similar findings 
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in the gas (10-12), liquid (13) and-solid (14) phases were 
reported during the same period. Townsend determined that 
electrons accelerated by an electric field E can lead to 
further ionizations of air (11). Furthermore he found that 
at low values of E, the radiation induced current increased 
linearly with an increase in E (12). At intermediate fields, 
tne current levelled off to attain a saturation plateau... At 
high field strengths, the current increased sharply for 
fairly small increases in E. This was understood to mean 
that at low values of E, not all the ions peand generated 
were collected. The saturation current indicated that the 
fields used were large enough to collect all the ions. When 
the current increased sharply once more, the field strength 
reached was so large that the ions were-accelerated enough 
mo cause further Tonizations in their collisions with the 
molecules. 

Curie conducted an extensive investigation of the 
eurects of electric -Tield strength, molecular structure, 
temperature and phase on the radiation induced conductivi- 
ties in liquids (13). The induced conductivity was found 
to increase with field strength, but to a much lesser 
extent than in the air. No levelling off was observed. 
whe range of field strength used was 0 < E < 450 V/cm. 
eirie also found that the size of the currents was in- 
dependent of whether the radiation source was radium 


Serts or a cathode tube. Curie found that the conduct- 
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ivity decreased in the liquids in the order carbon di- 
sulfide > petroleum ether > pentene > carbon tetrachloride 
Bepenzene > liquid air > vaseline oi]. The high con- 
meGtivicy current in carbon disulfide was the first 
recorded occurrence of its anomalous behavior towards 
electrons (15). It is an efficient scavenger of electrons 
when present as a dilute solution in water but possesses 

a long thermalization distance in the neat liquid. A long 
thermalization distance meant that the compound would have 
a larger conductivity current, which was Curie's obser- 
vation. The difference between petroleum ether and vase- 
line oi] was attributed to the difference in volatility 

of the two compounds. It is now attributed mainly to 

the difference in liquid fluidities. In both petroleum 
ether and in pentene Curie found that the conductivity 
Current at -17C was only one tenth of its value at 10 C. 
Finally Curie made measurements in liquid air. This was 
the first determination of the induced conductivity of 
@ecryogenic fluid. The current was found to possess the 
Same characteristics as in the other dielectric liquids. 
The current in liguid air was more than a hundred times 


smaller than that in the gas at the same field strength. 
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2. Gas Phase Experiments 


Two types of experiments were done in the gas phase. 
There wasthe direct determination of the collision cross- 
sections (Ramsauer type method) and there was the calcula- 
tion of the cross-sections from swarm type experiments. 

a. Ramsauer type experiments 

The Ramsauer experiment was developed to allow the 
direct determination of electron-molecule total scatter- 
mae cross sections (16-23). The method involved passing 
photoelectrically produced electrons through a magnetic 
field and collimating slits to select a particular energy. 
The final chamber contained the sample gas. The scattering 
cross-section was obtainable from the extent of attenuation 
of the electron beam by the gas (equation 5). 

Ramsauer found that the cross-section depended upon the 
electron energy (16). As the electron energy was decreased 
towards 1 eV the cross-sections for the heavy rare gases 
decreased sharply. Extension of this work to energies 
lower than 1 eV led to the discovery that the cross-sections 
for these gases passed through a minimum and then increased 
Once more (17). The same shape of curve was also found 
for methane (18). 

Measurements were made in other molecular systems 
(19-22). In the n-alkane series, increasing the carbon 
Chain length increased the cross-section. The qualitative 


features of the series methane through to n-pentane were 
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the same for electron energies greater than 1 eV. Branch- 
ing of the hydrocarbon structure yielded a difference at 
low energies. The cross-sections of isobutane and n- 
butane (20) and neopentane and n-pentane (21) showed no dif- 
ference at higher energies, but at lower values the cross- 
section of the more branched compound decreased much more 
Paopidiy than the other paraffin. The cross-sections for 
nitrogen- or oxygen-containing compounds and of unsaturated 
carbon bonds formed complex shapes. There was no simple 
pattern. | 

This method required pressures <1] Pa, so could not be 
used to determine cross-sections at high densities. 
Furthermore, most of these studies could not be extended to 
near thermal energies (23). These Wirricnities could be 


circumvented by swarm measurements. 


b. Swarm Experiments 


i) Description of Methods 

Swarm experiments involved the determination of a 
flight time or the determination of the amount of diffusion 
of a pulse of charged particles travelling a known distance 
(24,25). From the flight time, the drift velocity could be 
determined. From the diffusion across an electric field 


meeratio of the lateral diffusion coefficient Dy Eo othe 


mobility u, which depended on the characteristic energy, 


Could be determined. 
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ii Townsend's Work 

Even in the earliest swarm measurements, pressures 
attained were hundreds to thousands times larger than those 
attainable in Ramsauer type experiments (26-34). Townsend 
Meastired two, quantities, the drift velocity and the ratio 
of the mean kinetic energy of the electrons to that of the 
Mesemolecules (26,30). Thais ratio, which he designated k, 
eas equal to the characteristic energy (eD, /u) divided by 
kp! where e was the electronic charge and Kp Boltzmann's 
constant and T the temperature. Townsend measured the 
lateral diffusion of the electron swarm across a known 
distance to get k. Next, by applying a magnetic field H 
meine Same.time, perpendicular. to £,.he obtained ithe 
drift velocity. An inherent problem was that while the 
calculated drift velocity depended proportionally on E, 
it depended inversely on H. The size of the magnetic field 
needed increased with pressure. With the fields available 
of a couple of thousand oersted, Townsend was limited to 


: Pasdh00w torr )2 pResodaition oF 


pressures less than 10 
the method was also poor (24). At the lowest values of 
E/n used, Townsend found that k was greater than unity. 

i i i ea eae one For 
Tiaseliower, fieldowas in the order of 10 : 


V8 y Se eee 


argon (29), the field was extended to 3 x 10 
To obtain the mean velocity of the electrons, the mean 
velocity of the molecules was multiplied by the square 
root of k. The mean free path & was calculated from a 


modification of Langevin's work for ions (see Section Ce 
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Although the values for & were likely incorrect, qualitat- 
ively the features were important. Although the bands 
obtained were broad rather than the sharper bands of the 
Ramsauer method, the calculated 2's showed, as early as 
1922, that the mean free path for argon was ten times 
larger than that in nitrogen or oxygen at the same pressure 
in the low field region. At higher values of E/n the mean 
free path of argon decreased by an order of magnitude. 
Townsend also found that there was no mean free path maxi- 
mum in hydrogen (29) or helium (30), that is, no Ramsauer 
minimum in the scattering cross-section. Furthermore, 

the mean free paths stayed low and relatively constant. 
Indeed in He, the mean free path was constant in the range 


: ColrsuuU so = ¢ < 2 eV) where u 


Mes x 10 < u< 10 x 10 
was themean agitation velocity of the electrons and e€ was 
their energy. Over the same energy range, the mean free 
path in argon decreased by a factor of 6. It was not 
imc1l six years later that this difference in behavior 
was confirmed by direct measurements of the scattering 
meoss-sections. The large. mean free path in argon cor- 
responded to the small scattering cross-section of the 
Ramsauer type experiments. The relative transparency of 


the heavy rare gases to electrons of a certain energy 


near 1 eV is called the Ramsauer-Townsend effect. 
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iii) Application of Townsend's Method to Hydrocarbons 
Swarm experiments were also used to determine mean 
free paths in ethene (31) and pentane (32). The curve in 


ethene closely paralleled that in oxygen though 60% of 


size of the oxygen curve. Both curves reached a maximum at 


7 


u = 4.5 x 10 cm/s (~0.4 eV). Oxygen, however, showed a 


7 


Sistinct minimum at u = 9.7 x 10° cm/s (~1.8 eV) while the 


ethene curve did not. The ethene curve appeared to be 


still levelling off. In pentane, the mean free path was 
UMA oe 
ri 


measured in the range 2 x 102 os | ree eel PIG ea 
2 eV). A sharp maximum was found at u = 2.46 x 10 
0.11 eV). This was the first indication that a minimum 
in the electron molecule scattering cross-section could 


occur in organic molecules other than methane. 


The experiments of Schmeider (21) were limited to 
e > 1 eV so that the validity of McGee and Jaegers' finding 
could not be confirmed with a direct measurement. A 
degree of doubt could be attached since the maximum occurs 
near the lower energy limit of McGee and Jaegers' measure- 
ments. This was a clear demonstration of the other great 
advantage of swarm techniques. Values of u near 107 cm/s 
Here routinely available, which corresponded to e« ~0.02. 
Ramsauer measurements were at bestdone at e« > 0.1 eV, 


mene works on hydrocarbons at e« > | eV. 
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iv) Electrical Shutter Methods 
Townsend's method of determining characteristic 
energies has survived, with minor variations, to the pre- 
sent day. His cross fields method of measuring drift 
velocities was soon replaced by the more direct method of 
ehectrical, shutters, (24,25,33,34)...This technique employed 
electrical shutters, both to form the groups of charged 
particles as well as to determine the drift times. 
(a) Application of Electrical Shutters to Ion 
Studies. 
Applications of this method to the determination 
of ion mobilities are described in references 24 and 25. 
Tyndall measured in gases the mobilities of ions of the 
Same species as well as the mobilities of foreign ions. 
The major portion dealt with rare gases and inorganic 
molecular gases. A fair portion of his studies involved 
the application of Langevin's mobility equation (see 
Section C) to’ studies of cluster sizes about ions. Tyndall 
pointed out that available data to date (1938) indicated 
that the ions were in two states. They could be moving 
through the gas unattached to other molecules, or they 
could be in clusters of varying sizes. The mobility 


measured depended upon the ratio of unattached to attached 


ions. Another detail noted was that (wP/E) over the investi- 
gated range of E/n was constant irrespective of the nature of 


the ionizing agent (w was the ion drift velocity, P was 
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the pressure of the gas and E was the electric field 
strength). (wP/E) reflected the ion-molecule collision 
Pross-section. Its invariance “indicated that the jons 
quickly reached the same state no matter what the initial 
conditions since the cross-section depended upon the 
reduced mass of the colliding pair, and that the ions 
were in thermal equilibrium with the gas. Normalized to 


18°C and 760 mm of Hg (1.01 x 10° 


Pa) the mobilities 
were in the range of 1 to 10 cm?/Vs. 

In the subsequent years nearly all work in ion trans- 
port has involved:studies of inorganic systems. Little 
work has been done to date on organic vapors. Ion work 


up to 1973 is summarized in reference 38. The remainder 


of this section will deal with electron studies. 


(oyyAppiacatdoneof Electrical Shutters to 
Electron Studies 

Bradbury and Nielson adapted the electrical 
shutter method for electron mobilities (24,33,34,39). 
The wires making up the shutter were insulated from each 
Other by mica, glass or ceramic plates. Electrons were 
generated photoelectrically. Absolute values of elect- 
ron mobilities were determined in hydrogen (33) as well 
as oxygen, air, nitrous oxide and ammonia (34). Pressures 
up to 10° Pa and field strengths up to 6 x emia cm*/ 


molec were used. The drift velocity curve for hydrogen 


rose up steeply at low energies. Between 0 < Ee a 
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16 


Bee x 7100 V cm*/molec, the curve was concave towards the 


pretd strength’ axis. As the field strength increased the 


curve bent upwards, then at about E/n ~ 4 x To? Ss bent 


towards the E/n axis once more. Oxygen possessed the 
same dipping shape. The drift velocity over the entire 
field strength range used was almost twice that of the 
curve in hydrogen. There was a bump in the curve at E/n ~ 


re! AG 


6 x 10 and the curve 
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peanmupwardrishidt, ac lox 10 


menu towards the_E/n axis at E/n ~ 3.3 x 10 and again 


= 5G X10 


In air a sole curve concave towards 
the E/n axis was obtained. The curve was intermediate 


between that of oxygen and that of hydrogen. In ammonia 
-17 


the curve increased linearly with E/n up to 7 x 10 V 

cm?/molec, sloped upwards until E/n = 2 x ji where 

it sharply increased up to E/n = 4 x 1076, then bent 
-16 


Mowards the E/n curve again.. At E/n < 2.4 x 10 » the 


drift velocity in ammonia was much less than in the 


other systems. By E/n ~ 5 x cea the drift velocity 


had risen above that in air. Nitrous oxide results were 
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eaven for E/n i<wl 2ex 910 The curve was concave to- 


Wards the E/n axis. Increasing the field led to a 


-17 
honge sincrease dof edriftuvelocitys AtvE/ni~ 6°x 10 ; 


the drift velocity was four times that in air though at 
BAN a= «6 ox Lor 4s. the velocities were nearly the same. 
Three other early works are important since they 


represent an extension of the gas pressure region to near 
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iH Pa (35-37). Mobilities were determined in nitrogen 


at 80 kPa, hydrogen at 85 kPa and carbon monoxide at 96 
Proce. OVer the wol.taget range, 4.5'< V.< 48 V/cm, Wahlin 
found that the mean free path was independent of E. 

This was one of the first recorded determinations in the 
thermal electron region in a gas, that is, where the 
energy gained from the field by the electron is being 


Host. at.a collision. 


Saeevectron Mobilities -1n Hydrocarbon. Vapors 


From about 1940, the amount of swarm measurements in 
the gas phase has mushroomed (7,39-43). Ofeparticu tar 
interest to the present work are the measurements performed 
on hydrocarbon systems especially small hydrocarbons 
Such as alkanes from methane through to n-butane, and 
compounds such as ethene, propene, cyclopropane and 
isobutane (2-methylpropane). Available information on 


these systems will be considered in turn. 


a. Methane 
i) Low Pressure 

Methane has been studied extensively (44-60). Early 
studies were concerned with methane because of its use 
in ionization chambers. Methane was approached from two 
directions. It was considered to be an extension of 
studies progressing from the monatomic rare gases to 
diatomic molecules to polyatomic molecules (i.e. meth- 


ane). Alternatively, methane was approached as the 
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simplest alkane, as an extension from hexane to pentane 
and so on down the series to ethane and methane. 

English and Hanna (44) exemplified the first approach, 
as did Bortner, Hurst and Stone (45). English and Hanna 
measured drift velocities in the rare gases, in methane 
and carbon dioxide and in mixtures of the rare gases with 


Ue. EF WP "2>x 107!7 


the molecular gases. Between 2x 10 V 
cm*/molec, the drift velocity was found to increase super- 
linearly with E/n, with a bump being reached, followed by 
a levelling towards the E/n axis. Addition of methane to 
the rare gases was found to increase the value of E/n 
Where the super-linearity sharply increased, as well as 
micreasing the, saturation’ drift velocity. Bortner, Hurst 
and Stone measured drift velocities in pure methane as 
well as mixtures. Addition of nitrogen to argon increased 
the saturation drift velocity in the same manner as 
English and Hanna reported for the addition of methane 
to argon. Bortner also found that the addition of oxygen 
Or carbon dioxide to methane lowered the saturation drift 
velocity in the methane. The saturation drift velocity 
in the mixture fell between those of the pure components. 
Devins and Crowe (46) investigated methane as part of 
the alkane series. Sparking potentials were measured as 
functions of pressure and gap separations. It was found 


that the sparking potential decreased linearly with the 


Carbon number, but was almost independent of branching. 
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No structure effect could be noted in the hexane isomers. 
This was also true for the pentanes and the butanes at 

low values of Pd where Pwas the pressure and dwas the 

gap separation. At higher values of Pd, the more branched 
isomers have larger sparking potentials than the n-alkanes 


(branching was beginning to increase the electric strength). 


Attempts were also made to determine drift velocities 
at high field strengths. Frommhold measured drift 


menocrPoertes and dartTusiton coefficients at fields of 


= he aS y cm*/molec (47). Pressures 


4 


9 x 10 ann Tok 


used were in the order of 5 x 10° Pa (50 < Pd < 1500 cm 
meme — 92535. 0r 6cm). The current due to the elect-— 
rons (number of electrons) was found to increase ex- 
Ponentially with time. In the range of 0.38 < e« < 0.76 
eyms30)< E/P < 60 V/cm torr) the drift velocity could be 
approximated by w = 2.36 x 10°(E/P) =1 42x iin where 
Wewas the drift velocity. In about the same region, 
fiend measured drift yelocities in pure nitrogen, pure 
methane and a mixture of 390 torr of nitrogen (52 kPa ) 
with 10 torr of methane (1.3 kPa). The measurements 

in nitrogen were made at 200 and at 400 torr . The 


measurements in methane were made at 275 and 400 torr 


No pressure effect was observed. The methane results 
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mmooe< £/P < 35 V/cm torr (9 x 10 Rie eel eee 


6 


V cm/molec) Couldupestitted to w = 1.6 x, 10; CE/P) 


Se ee or cdaition of methane to nitrogen 
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increased the slope of the curve sharply to 3.44 x 10° 


5 


(compared to 2.56 x 10° in pure nitrogen)... Schlumbohm 


achieved even higher field strengths (49). The drift velo- 


mity was measured at 120 < E/P < 1000 V/cm torr (3.6 x 


a aay cm“/molec). The electron 


a 


10 pee Me OU Xe nd 


Velocity was fitted to the expression w = 5.8 x 10 By Peace 


Schlumbohm also measured positive ion mobilities in 


Mechane for 50 < E/P < 5000 (1.5 x lOnee SES <a oex 


pit).. 


10 The curve had a fairly clear break at about 


E/P = 300, although it was already bending over at lower 


3 


Memos ine data was fitted ‘to w, = 2.1°x. 10> (E/P) for 


50 < E/P < 200, and w,= 3.2 x 10° (E/P)® for 500 < E/P < 
5000. 

Most of the more recent works attempted to extract the 
electron-molecule momentum transfer cross-section from 
measurements of the drift velocity and of the ratio of 
Serer diffusion coefficient to the mobility (D/u). An 
account of some of the calculations is given in Section 
i. 

Cottrell and Walker (50), Wagner, Davis and Hurst (51), 
Bowman and Gordon (52), and Pollock (53) all measured 
drift velocities. Field strengths were fairly high, 
uSually in tne range of 3 x Toe een 9 tony 
cm’/molec. Unive themevck data of ref. 52 reached as low 
ais 6 X ise Even though in the lower portions of these 


measurements, the drift velocities were roughly propor- 


tional to E/n, they were increasing with field strength 


WAN raya Mae: “aa se Aoican ruts (at oe 


Es Mh th es ‘i 


ae 2 i ais 
boc RB i | 
wn tay ta ‘i coe a 


yle'B tad a aint oy 
i gy 


ate ag att, pasta Ha 


t Hy 


ae (eat we ca igh maets Bite SP dae bara C258 
ee rae ems a ea ft pone Mi dk nae 


See! igh dbetg,, eee iy, 5 ie an ae ehh nal 


sy 
e aa | 
x 4 ’ wh AOA cil 1 i a ‘ 4 % 7 ae td y 

Caer ey i ae ie Bue Coy 7 ae eR ai a 
ra i i , 
rt “ a’. #2 

> ri he ” 4 rf A va . ry ” 1 oe > 
Cae f iy y| ¥ ft A i ge i ie a ? i E 


ie ee a ae ae nee. ieee ek Pe ge 
La a 1 Oe Da Pamats 6 7 hare ‘hag 


* y ; 
a, Pe j on re d hi f ir ’ 'h A 
« wis y” * Past T 7 Thal, v i” tad ~ 2 i at ee ‘. ; Has (ah i v i ' 4 # ba 
. ; | u a as . A op Ri Vy ih 
sut¥eh ete Se bh eee pte eae med 
a ee cv ; ~~ Vi ae HYG ath ee 
ay we EG Pie aa i ot Skea ay TT RON 


+. 


4 ; : : ae ie x a df: if i j , 
t - wee et Thee im ‘ a he vr 
ou Ae EARP BP cree wake & Cys a: oA Gime gt one 
; ‘ , } a 7 Te i a ; 
ng & 
“ye F 
r hin ‘ ud 
s + AL Qn Z | 4 0) ul J he r } se | i. dt 
* 


Fob 
ee 4 F ; a in tes 
é 7 Ua Poe} 4 te FT eae / i; t its a I i } ia aa 


Dh ae be “(uae 
bbe bik’. it e+ ha ony Hees ae 

A RN See eg ee a. a eae 

. ‘ wy vee ior hy F 


“veeesit ora i pia iat aso | tae ini ae 


as (E/n)" with r > 1. The electrons werenot in thermal 


equilibrium with the gas at these field strengths. The 


pressures used were less than Ge Pa. Although scatter 


between and within data sets was appreciable, the 


general features were constant. The curve possessed a 


maximum at E/n ~ 3 x 107)? and decreased to a minimum 
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fox. 10 At higher fields, the velocity would be 


expected to increase once more (47-49). 


If the drift velocity depended on (Ein with r = 1, 


the cross-section could be extracted by a simple tempera- 
ture variation of the low field mobility (see Section C). 
Unfortunately as noted above, this condition did not hold 


Rice Extraction of the cross-section 


mes n > 6 x 10 
required the separate determination of the Townsend k 
mactor or of the diffusion coefficient. Cottrell and 
Walker (54) determined the k factor and Nelson and Davis 
determined the diffusion coefficient (55). Duncan and 
Walker determined the ratio of the diffusion coefficient 
to the mobility (56). Nelson and Davis did not deter- 
mine the absolute cross-sections but merely the product 
of DP, which varied inversely to the scattering cross- 
wcton. The methane curve’ rose sharply at 0.15 < E/n 
< 0.9 which meant in this range the cross-section should 
be decreasing. The cross-sections calculated by Duncan 
and Walker in the range 0.02 < e« < 4 eV showed a minimum 


mee0.25 eV with a value of 1 x 107 !6 one. 
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ii) High Pressures 


Measurements have been made in compressed methane. 


Cookson measured the drift velocity at 9 x 10°! 


meio” cm*/molec and at P = 1.3 MPa (S77 eine 


SNES VS 


result was found to be the same as in the dilute gases. 


More interesting high pressure results were found ina 
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study made by Lehning at 6 x 10 <oE/ i<oee ee) (So)e 


The quantity measured was the ratio of the drift velocity 
at the pressure of the measurement to the drift velocity 
memeouO torr . Lehning labelled this quantity q. Plotting 


q as a function of E/n showed that q increased with E/n 


Bebe) -18 


mpeto 3 x «(10 > decreased between 3 x 10 V7 


and Sux mone e 


and was roughly constant at higher fields. Furthermore, 
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the amount of increase from 3 x 10 to 3, xen0 depend- 


ed on the pressure. The greater the pressure, the larger 
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was the increase in q. Above 3 x 10 , Gs Was  COnsiane. 


independent of the pressure. This explained why Cookson 


1 


found no pressure effect. A plot of qd JnVS..P 0 cay fa wed 


E/n, showed a linear dependence with a negative slope. 
-] 
The slope increased as E/n decreased from 3 x 10 / to 


Pex 107! 8. 


The mobility was measured in methane as a func- 


tion of density at temperature between 196K and 295K 


my) In all cases, the electron mobility varied. as no! 


Seerow densities, achieved a minimum at about 3.6 x 10°! 


3 


molec/cm~ and then increased, passing through a maximum 


on 


at about 10 x 10 MOnecrcn:. The mobility was higher 
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for a higher temperature. Although not commented upon, 


tne mobilities for the 196K curve at n = 8.5 x 1029 and 


2] 


mieel.c x 10 were higher than the line extrapolated from 


tne higher densities (Figure 1 of ref. 55). 


Tim) Apphication 
An indication of the general acceptance of drift 
velocities in methane can be seen from the recent applica 
mon to drift chambers (60). °°The methane results were 
used to calibrate the chamber for studies on rare gas 


mixtures. 


b. Methane-d) 


Methane is a good starting point for investigations 
Smecuructural effects on.drift velocities or cross-sections. 
The simplest change, which maintains methane in the same 
Structural symmetry, would be to replace all the hydrogen 
atoms with deuterium atoms (50,53). 

RGehiuela Strengtyseupitore/P,= 0.5¢N/cm torr 
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V cm’/molec) the CH, and CD, curves were 


the same. At higher fields, the CD, curve was lower than 


eda25 x 10 


tnat of CH,. These observations were taken to mean that 


at the lower energies the energy loss was elastic and that 


memeaze of CH; and C0, were sufficiently similar that no 


4 4 
difference could be observed. At higher energies, the 
Vibrational excitation became more important. Vibration- 


al quantawere smaller in the deuterio compound so that the 


fractional energy loss to CD, would be smaller, and 
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hence its cooling ability towards the electrons was less 
than that of CHa. 

Measurements of the Townsend k factor (54) showed 
that at low fields, the electron energy was the same in 


ep, as in CH, . At higher fields, the electron energy was 


4 
larger in CD, than in CHa. Ree /iPe 2° V/ emmetorr.ncne 
CD, curve was 45% higher than that of CHy. 


Cottrell and Walker combined k factors (54) and 
drift velocities (50) to estimate the fractional energy 
loss per collision (A) and the momentum transfer cross- 
section (Qy)- X depended on the square of the drift vel- 
ecity, Pe and inversely on k. At high fields, electrons in 
CD, possessed both a smaller drift velocity, and a larger 
Townsend coeffcient, k, so that A was much smaller in CD, 
than in CH,. Qn depended inversely on the product of w 
and k. The differences were ininverse directions. The 
decrease in w was cancelled by the increase in k so that 


QD was found to be the same in CD, as in CH,- 


Catt Tilaie: and Silane-d, 


An additional comparison could be done by replacing 
the carbon atom of methane with a silicon atom (50,53,54). 
The drift velocity attained near the maximum and the 
general shape of the drift velocity curve were the same 
in silane as in methane. The curve for silane was 


Siynted along the E/n curve by a factor of 6. The frac- 
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tional energy loss per collision between CH, and SiH. near 


4 4 
the maximum was larger in STH, DyAC UST. : QD was also larger 
in STH, than in CHa Dyed factor of 6. The energy of the 
Qo minimum was about the same in both compounds. 

The deuterium isotope effect was the same in silane 


aoenemethane. The k factor rose more quickly in SiD, at 


4 
high fields than in STH,. The > values on the low energy 
Side of the maximum were much more similar than those 


andes 


between CH, 4 


d. n-Alkanes 
i) Ethane and Propane 

Methane although an alkane has properties unlike 
those of higher n-alkanes. For example, the inverse of 
DOlling points of the n-alkanes can’ be related to the 
Carbon number of the alkanes raised to the two-thirds 
power. All the normal boiling points agree with this 
correlation to within two degrees, except that of methane 
(61). The simplest compound which possesses properties 
Similar to the other n-alkanes is ethane. 

Drift velocities in low density ethane and propane 
gases have been measured by Cottrell and co-workers 
(50,62) and Christophorou and co-workers (63,64). Bowman 
and Gordon made measurements in low pressure ethane (52). 
Huber determined drift velocities in ethane (65,66) and 
in propane (66) from low pressures (0.06 MPa) to high 


Pressures (4.5 MPa for ethane and 1MPa for propane). In 
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order to obtain electron scattering cross-sections, measure- 
ments were made of the Townsend k factor in the low density 
gas (54), of (D/u) where D is the diffusion coefficient 
and yp is the mobility (67), and of the temperature depend- 
maeeeot the drift velocity (52,64). 
PaiesGrintsvenocilLy-curve aS.a, function of .E/n tor both 
compounds had the same shape. At pressures 0.1 < P < 10° 
ra. W was independent of pressure. At 298K, the propane 
eurve’ lay below that of ethane, for all. values of E/n up 


Seria molec ihe Wowest. field ctnenduns 


foml.2 x 10 
were attained by Huber (66) and Christophorou (64). As 
the field strength was increased, the drift velocity rose 
gradually, then increased sharply, and then curved over 


towards a saturation velocity of about 5 x iol 


cmy Ss. 

The same was true for propane but the field strength where 
the drift velocity became superlinear with respect to E/n 
was larger. The saturation drift velocity was also about 
aX 10° cm/s. The low density results of all four research 
groups where they overlapped agreed to Widen wid) 

Huber had also sodas the pef.fect ot pressure .onetne 
drift velocity in these two compounds (65,66). In both 
Cases, an increase in pressure led to a decrease in drift 
Memocity..» he ratio. g = w(P)/w(450 torr.) plotted against 
E/n showed a minimum in ethane at 6.5 x Ties V cm*/molec. 


The minimum deepened as the pressure was increased from 


MeoehPa to. 4.5 MPa. A plot of aie vs P showed that a 
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linear relationship existed at constant E/n. Addition of 


aes and 5% CO, did not change the shape of the q vs E/n 
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mor itor n = 1.5 x 10 molec/cm?). THE” pes TLION oF 


the minimum was shifted to high field strengths. 
Similar results were found in propane. The drift 


velocity decreased with pressure. However, no minimum 
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Beeeeouna in the; qivs £7n plot .”” ATTE/n’ <> 5>x TO V 


em*/molec, the curve was constant. At larger E/n, the 
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curve increased. At about 4 x 10 » the pressure differ- 


ence disappeared. The pressure effect was largest at 
fyn< 5 x 107 '8 
towards 1 MPa. 


The temperature dependences of the drift velocities 


25. 


and decreased as the pressure was increased 


of the two compounds have been measured. In ethane (52,64), 


the low field drift velocity increased between 225K up to 
373K, stayed constant until 573K and then decreased. The 


high field results merged into a single curve at about 


ys V cm*/molec. In propane, the merge occurred 
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oe ay) 
near 4 x 10°'8 vy cm*/molec (64). The drift velocity in- 
creased between 297K and 373K. Change between 373K and 
473K was slight. Further increases to 573K and 673K led 
to a decrease in the drift velocity. The curves at 5/73 
and 673 did not seem to show a superlinear increase of w 
before levelling off towards the saturation drift 
velocity. The saturation velocity was the same for all 


temperatures and was about 5 x 10°. 
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ii) Other n-Alkanes 


Data are available for all the n-alkanes from butane 
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through to octane. Most results were measured at room tem- 


Berature. Pressures used by Christophorou and co-workers 
Bemer note stated.” Results were normalized to 1 torr (63), 
100 torr (64) or by multiplying the measured (wP/E) by 
Enenratio of (no/n, ) where Ne Se tne Genst cy Of thnerdas 

L is 
the density of the liquid at the same temperature, also in 


in molec/cm> at the specified gas temperature and n 


molec/cm> (68). Roznerski and Gazda used pressures between 
0.6 < P < 6kPa (69). Gyorgy and Freeman (70) and Huang 
and Freeman (71) made measurements along the co-existence 
Surve at the vapor pressure of the liquid. 

Christophorou and his collaborators have made ex- 
tensive measurements over the past twenty years of drift 
velocities in the dilute gases. Work prior LOVES / 01S 
Eorlected in ref. 72. Measurements for the series n- 
butane, n-pentane and n-hexane revealed that normalizing 
the (drift velocity x pressure) by ne/ny leads to similar 
values, but that the values still decrease in the order 
n-butane > n-pentane > n-hexane (68). Field strengths 


a tSry ect Moree were used. Subsequent 


femeco F/n~ ~3 x10 
extension of measurements to cover all the alkanes from 
ethane through to n-decane showed that the mobility 


(normalized to 1 torr) decreased continuously as the 


ree Ke OTS 


<0.5 


oye 
rape 0 | 


uth i = ‘| i hes 8 f a i a p on f art 
hy esl ee th i hana + Me i ae wa i 
b a - ' ae hit ae Pare ean, oh “ 
ga CONS) pa Dee Sake pry ay Lum ONS 
A 4 RR Rte 2 OR NR ite nantes ty pg 
‘ n 7 an Bh me % : 
a ys “Eh. ft Ry’ Ae th) Le: mary ye id Pe 
cea prada) “Smad fade (2p Waban | 
i ' 
rt 1 nee is 7 (htt reiey : my A 2 i 
“ad uP 5. as ) Gana \" a yy ae rate 2) 
H 2 mr j a nie) a ; mat (yeh < ) y 
j i ¢ 4 ‘ : 4 Pi ¢, ~ ) 
ia - a ak mi y | } ' { RY 3 : cal iy fa } . r 4 hiv 
yi ‘ dohet che Cpe GPF Pw hi uaa 
* ie ‘ 4 ia 
re Pe pot hhe a2 
ay ‘ hes. iatics 
peas i Seuaiait f | RW 
f F uf er 7 Se > 
; i ate HiT og EBM: fy Rn Galle RORY Ooo 
ic 4 a Pn | hf i r ty) Seah ~ ys < % 7 eek: *e) nt - ‘ [s 1 
Boa enon: Be Ti 
fl \7 +5 y ' a : 
+ 0-a ih vy eras, Sa 
: : : Be) 4 ‘ 4 Fy 
ad awe " = ~~ % ' ; 
BANS Oh we \ h. pn: ba en iy 
: ‘ 2 oui y San | e au 5 
ea Rey © j ) a iy 
got Gia it uids #8 4 bi Lara per 
W) 7 ae oy “, 


MOO) FR” 


Par hep 


a ] r Ad 
7 - hi sm i Lo <r 7 on Dee nt oe ak 
~ ns AB: geangunkeras \ sO 
Th te 0 Oy dere > 
ee ees Bead : ay 
aS gia 
or i “ein 
7 il 
a . mA - ' 
we un ‘ - 
if) r Jf ay i 


onan ote 1 Sa ea AN 


fae dia ; ; 
hee ve cigar” ne Hees. alg ie 


| 
aap 1A 7 


rail 


carbon number increased (62). There appeared to be a 
roughly linear correlation between the momentum transfer 
Mross-section and the static polarizability a. Christo- 
phorou actually used a cubic equation to fit the data 
mince the methane cross-section calculated from a gas 
phase mobility supplied by Davis and Nelson as a private 
eiunications was Slightly greater than that of ethane. 
fowever, the i} vs a plot (Figure 2 of ref. 3) also showed 
that methane did not fall on the same curve as the other 
alkanes. 

Christophorou determined the effect of the tempera- 
ture on the drift velocity in n-butane (64). At 299K, 
there was a slight superlinearity to the drift velocity 
increase as E/n was increased. The extent of the super- 
linearity was not beyond the experimental scatter. At 
373K there was no superlinearity. Increasing the tempera- 
ture further to 473K did not change the low field drift 


velocity but it decreased slightly in the range 2 x 107 !8. 


aly V n= fo hee and increased above the 373K 


funve at ‘E/n > 425° woe! %: 


aane< 2 x V0 
The 573K was below that of 
473K, and the 673K curve was below that of 573K except 

Pore the two highest field strengths. For all temperatures, 
the drift velocity seemed to increase linearly with E/n 
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difference between w curves at different temperatures may 


have been due to scatter. The saturation drift velocity 
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maeeapout 4.2 x 10° cm/s. 


Roznerski and Gaza (69) measured the drift velocities 
at 296K for n-hexane, n-heptane and n-octane. Hexane 


measurements were made in the range 1.8 x 10. <b) es 
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wee x 10 V encunolecs Resuiles at. 1.8 xs Loy 
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fee 107! ® 


-17 


were lower than those in ref. 67 by 5%. Above 
mex. 10 V cm*/molec, the results were up to 30% higher. 
As the carbon number increased, the initial slope of the 
Pmoec velocity vs_E/n plot, and the saturation drift 
velocity both decreased. 

Gyoérgy and Freeman (70) studied n-pentane along the 
entire co-existence curve as well as along isochores. 
Mobilities were independent of applied field strength up 


eley cm’/molec. Increasing the tempera- 


to E/n = 2 xen 0 
ture’at constant density caused an increase in mobility. 
The amount of increase was larger if n/n. was larger (n 
was the gas density, and Nn. was the critical dens ityvorune 
higher temperatures, the mobility along the n/n. =o 
0.8, 0.6, 0.4 and 0.15 isochores tended towards a level- 
ming ott. A plot of the mobility vs n along the Con 


° ° ° ° -] 
existence curve showed that the mobility varied as n 
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Boren < 12x00 molec/cm>. Avplot of ut Vsane tev ealied 


3 
Pris as a Constant ln up-to | x 10° mO Lec) Cult ee 
higher densities multibody scattering became more import- 
ant, leading to a decrease in yn, which reached a mini- 
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vapor in the vicinity of 400K, the electron scattering cross- 
Section) Varied as the electron velocity raised to a power of 
rs 

Huang and Freeman (71) made similar measurements in n- 
hexane. Measurements were made along the co-existence curve 
for T > 296K and for the isochores where n/n, = 1.0, 0.80, 
Mmeete0.25, 0.10 and 0.02]. Within experimental scatter, 
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Bae mobility was independent of E/n up to 1 x 10 
molec. A temperature increase increased the mobility for 
all the isochores. The temperature coefficient decreased as 
n/n. decreased. A plot of un vs n along the co-existence 
murve showed that jn was independent of n for n < 4 x Tone 
molec/cm>. At higher n, the un curve decreased to a mini- 
mom at nm = 1.3 x 10°", and then increased as the critical 
point was approached. (This was attributed to an increase 
in multibody effects). An average CEROSS= SECT LOT Gd: 

Mem. 10’ cm> was estimated at 500K from the temperature 
Variation of the n/n. = Ou021)) cunve:. TLRe, Cross-Section 
was found to vary as the electron velocity raised to a 


power of -0.9. 


e. Branched Alkanes 
Christophorou and co-workers have measured the drift 
velocity in isobutane at room temperature (68) and in neo- 
pentane, both at room temperature (68) and as a function 
of temperature at 100 torr and as a function of pressure 


at 373K (64). Freeman and co-workers have measured elect- 
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ron mobilities in neopentane along the co-existence curve 
and at fixed densities as functions of temperature from 
Pepcaiute gas up tothe supercritical fluid» (70,71)% 
Christophorou (68) found that the drift velocity in 
isobutane was independent of field strength up to E/n = 


mee x07, ° 


V cm*/molec. The mobility, normalized by 
ng /n, » was found to be a factor of 2 smaller than that 
of n-butane. In neopentane this value was about a factor 
of 3 smaller than that of n-pentane. Christophorou also 
found that from 298K to 673K, w increased with temperature. 
mereasing’ the pressure Trom l0 to 100 torr ted to no 
change. However, when the pressure was raised to 1000 
morn sand’ then®to°S8230 ‘torr , the drift ‘velocity decreased. 
Electron mobilities, measured in neopentane increas- 
ed at high field strengths for all densities from the 
orlate gas to the critical fluid (70,71). The threshold 
field decreased as the density approached the critical 
menue. A plot Of yun VS n was constant up to about 
nex 10°° molec/cm>, Further increases in density leas fo 
SCOntInuoUS increase up to the critical point. 
Increasing the temperature along isochores led to 
@ sharp increase in mobility even at n/n. = 0.038. The 
temperature coefficient of mobility was 0.044 eV at that 
density. The n/n. SO) cCUnVaG, bad atmos t the sane 
temperature coefficient, but as n/n. continued to in- 


frease, the temperature coefficient increased as well. 


Hog 


eae. wed? oe Ad wader Ki 9d 88 


pales Dak | Hee GOT: ot, Bis ne 


ae ss 
4 a. Psy tT pte 980 
iF 4 akS rr 544 ¥ oS eS 7 
2 ; % 
4 [ to% ; if fy “Be is Ss ~ 5 
— dl ” ear 
f t ‘ f : ths ? Hr 
RR bp Oat OW ee ae ae 
: fot “4 ! 
is eee ~~ + Pace es #29 Ae id th 2 ed sa 
a tae 4 2 we yo tyme 4 J + rs a +t m hy 
r ? : way an es i 
) 2 iy © 


. ri is erp kel 
~} all My seat ay hea say ae Hoe Owe 


4 mS 5 | as " - | . 4 
‘pets IG. y 4 oy fh o 59 ? is ‘; : a : . { b beset iy Rida Pity £73 J 


; pee of opined s «jaan 


avis 


fTHs:. Seo itn zt acs signe goer at 
eae ot anes ien A +e ie ased 


Hache y16 tw Med oe sks cost 
taal” si He att 


oe 


a ate p > ee. hee 
25> Bee Wid at Mm - * aa 


ga oieed aft} fodw ey a 


z ; 4 : " , ( Ins 
Phe abe tae eh T. Sa3°02> 00 d2 We 1H eu 
. ree Ai 


ey Vey Y ith ~% : es ia 
CS etelaae? Gants 3 ic Hee bine it Saka pian 


aie $i2 Seon iB 78 es athe: he pe 
- ee Vien 
a ae ara Sy sat 2 cs ule 


Ky 


& hee saya 


Se 


The curves for n/n. =90-79,90-36, 0.95 and.1.0 nearly 
coincided. At temperatures above 446K, all four curves 
merged into that of the n/n. =30. 53) CUCVEe.. [hiss meant 
that the mobility vs n plot would have roughly the shape 
measured in methane (59). This was found to be true. A 
minimum occurred at about 1.7 x Tye Little variation 
was found between n/n. ¢ Oii%wand n/n. = 150% 

Huang made measurements of electron mobilities in 
neopentane in a cell constructed so that the liquid level 
rose up to the center of the electrodes as the critical 
region was approached (73). As a result, two distinct 
Signals wereobserved, one corresponding to each phase. 

The critical point was reached when the two signals merged 
into a single signal. Huang found that the mobility at 
the critical point was higher than those at 0.5 <n < ne 
which the experimental scatter in Gyorgy's work could not 
confirm. The smooth transition of the mobility curve 
through the eRbecal region showed that the large density 
Fluctuations that characterize the critical, fluid,have 
diameters that are too great to hinder electron migration. 
The prediction (74) that such scattering would occur was 
earlier shown to be untrue for electron mobilities in 
Critical .xenon. (75). Huang also found that at 2.42 x ies 
molec/cm>, the electric field effect changed sign. At 
lower densities the mobility at high field strengths 


increased with E/n. At higher densities, the mobility 
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decreased as E/n increased. It was suggested that a 
Ramsauer-Townsend minimum occurred at thermal energy at 


that density. 


f. Ethene, Propene and Cyclopropane 


Drift velocities have been measured in ethene (45,50, 
51,52,62,76), propene (52,67) and cyclopropane (45). Dif- 
fusion coefficients were also measured. Data for ethene 
mueminerer. 95, // and.7/8, for propene in ref. 67 and for 
cyclopropane in ref. 77 and 78. 

In ethene and in propene, there was no superlinear 
increase in drift velocity with E/n. The curves varied 


-18 


linearly with E/n up to about 5 x 10 V cm*/molec in 


ee cm“/molec in propene. 


ethene, and up to about 3 x 10 
From the temperature variation of w, Bowman and Gordon de- 
termined that the cross-section in both compounds de- 
creased with energy between 0.02 < e« < 0.06 eV (52). 
However, using the (D/u) as well as the drift velocities, 
Duncan and Walker determined that the momentum transfer 
cross-section was constant up to 0.905 eV and thereafter 
rose in a s-curve with a bump at about 0.1 eV (78). The 
Propene cross-section was also constant at e« < 0.07 but 
dipped to a minimum at 0.2 eV before increasing again (67). 
These results placed doubt on the drift velocity measure- 
ments of ref. 52. If the results of Duncan and Walker 

were correct, the drift velocity should have had a negligible 


temperature coefficient. As well, the drift velocity in 
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propene should be seen to increase superlinearly with 
electric field strength at the higher values. 

In cyclopropane, the drift velocity was not linear 
in the low field region (45). From (D/u) measurements 
Duncan and Walker calculated that the cross-section was 
constant at e« < 0.04 eV and increased at higher energies 
(67). The drift velocity should have no superlinear de- 
pendence. The drift velocity data of ref. 45 at E/n < 


ay V cm*/molec can be fitted to a straight line with 


Pax 10 
meactctertof tess»than: 152% 

The saturation drift velocities in these three com- 
pounds decreased in the order ethene > propene > cyclo- 
propane. The values were (in the same order of compound) 


mens 70°. 4.5 x 10° 


and (3.60% 10° cm/.S* 

In ethene a study had been conducted on the effect 
of pressure on the drift velocity (76). As the pressure 
meee =~ 0-05 eV increaséed from 39 kPa to pressure of” 320, 
muerand 810° kPa, the drift velocity continued” to de-=- 
crease. As the energy increased, the pressure effect 


mmciiatier. At 0.15 < €'<"0.2°6V,°no pressure effect 


was observed. 


4. Liquid Phase Mobilities 


a. Ion Mobilities 
i) Adamczewski 
One of the first extensive investigations of ion 


mobilities in liquid hydrocarbons was conducted by 
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Ademczewski in the 1930's (61,79). The series of n-alk- 
anes, n-pentane to n-decane, was used since properties such 
as boiling point, density and viscosity decreased system- 
atically as the carbon number increased. 

By Walden's rule, the product of the mobility and the 
viscosity, n, WaS approximately constant. Alternatively, 
by Stoke's rule, the mobility varied as (ae where r 
is the radius of the ion. Adamczewski found that the room 


temperature mobilities in the alkane series varied as i 2 


A possible explanation offered was that r varied as re es 
He also noted that since n depended on exp(c/T) where c 
is a constant and T the temperature, the mobility w should 


be related to the temperature by 


w= exp[-3¢c/2T] : (6) 


In order to see if the mobility always varied as fe 


Adamczewski measured the mobility as a function of tem- 
perature in paraffin oi] (80). Walden's rule was found 
to hold. The activation energy obtained from plotting 
the logarithm of the mobility against 1/T was equal to 
ive activation energy for-the viscosity. It should be 
noted that the viscosity of the paraffin oil was also 
thousands of times larger than that in the smaller hydro- 
carbons. 

References to earlier ion studies (before 1937) are 
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ii) Photo Injection 


Electrons can be injected into a liquid by flashing 


light at a metal electrode. Should the liquid be in- 


Se 


sufficiently pure, the electrons would quickly be attached 


to impurities such as oxygen to form negative ions. 
LeBlanc used this method to study charge transport 
in liquid n-hexane (81). He found that the mobility 


appeared to be fitted to the equation, 


hea exp Ac/ kT} 7) 


where hedefined uw as the mobility, H, the mobility at 
infinite temperature and Ae as the average trapping 
energy. The charged Patt eqay Was considered to be either 
trapped or untrapped, and the mobility depended upon the 
fraction of the time that was spent in each state. The 
idea of a two state transport mechanism had been earlier 
ep eosed’ bh Tyndall for ion transport in gases (25). 
and by Crowe for liquid hydrocarbons (82). At about the 
Same time as LeBlanc, a definite ion cluster transport 
mechanism in liquid He’ had been reported by Atkins (83). 
Other temperature studies on alkanes were being 
performed in Poland using the same method as LeBlanc. 
Terlecki found that the negative ion mobilities in n- 


-4 
hexane, n-octane and n-decane, which equalled 9.8 x 10 , 


4 4 


fee 10° 49 and? 3.08 x) 10 ems vs respectively, were 


all independent of electric field strength up to 300 
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kV/cm (84). Gzowski determined ion mobilities in n-hex- 
ane, n-heptane, n-octane and n-decane as well as in mix- 
tures of n-hexane plus n-octane and n-hexane plus n-decane 
at temperatures of 281 < T < 323K (85). He found that 


in all cases, the negative ion mobility varied as opel 


The positive ion mobility on the other hand varied as nia 
which was what Adamczewski had found in the 1930's. 

In Japan, Chong and Inuishi also measured the mobility 
in n-hexane (86). The mobility of the negative ion was 
found to be independent of electric field strength up to 
510 kV/cm. The mobility was independent of drift dis- 
tance. Addition of 1% of ethanol decreased the mobility 
Mea tactor of 2.3. | 

All the above workers had thought that the negative 
ion mobility corresponded to the actual electron mobility. 
Samuel and co-workers found evidence that even at low 
field strengths (750 < E < 7500 V/cm), the mean free path 
of electrons in liquid hydrocarbons may be larger than 
previously thought (87). The method was the same as that 
used to detect ee neeh electrons in liquid argon (88). 


9 s duration were detected in 


Conductance pulses of 10. 
liquid hydrocarbons subjected to steady-state, low inten- 
sity (8 rad/hr) y radiation. While a satisfactory mechan- 
ism for the generation of the pulses has not been proposed, 


Samuel suggested at the time that theirpresence implied 


that the electron mobility in n-hexane may be as large 
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as 20 cm°/Vs rather than the 107° previously reported. 


ey) Free Ion Yield Related Measurements 


A fair amount of work was done on ion mobilities to 
determine free ion yields, which depend directly on the 
ion-neutralization rate constant, and as the square of 
the quotient of the induced specific conductance divided 
by the mobilities (positive plus negative). Ion mobilities 
need to be estimated (89,90) or measured (91-94). 

Freeman and Fayadh suggested that the electron may 
be trapped in cavities in the liquid structure (90). 
Hummel, Allen and Watson found that addition of oxygen 
at 1 atmosphere pressure decreased the positive ion mob- 
ility by 20%, but did not affect that of the negative 
ion (92). It was suggested that the ion mobility was 
that of an oxygen ion formed by the addition of the electron 
to minute traces of oxygen not removed by the degassing 
Or chemical purification. 

Tewari and Freeman noted that the ion mobility and 
the free ion yield appeared. to increase as the molecule be- 
Came more spherical (93). Purification procedures had 
improved so that an initial sharp peak was found on the 
Current vs time trace obtained when neohexane or neo- 
pentane was exposed to a pulse of X rays (94). Addition 
Of oxygen or SF. eliminated the "overshoot" (as the 


initial spike was called) and decreased the free ion 
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yield. Although not confirmed until the next year (95), 
this overshoot was the first recorded observation of a 


Pees thermal elecf~ron signal in a liquid hydrocarbon: 


iv) Other Results 


Schmidt and co-workers have measured ion mobilities 
in methane (96) and ethane (97). The mobilities were of. 
the same order of magnitude and were independent of 
applied electric field up to the highest fields used 
(60 kV/cm for methane and 160 kV/cm for ethane). Walden's 
rule held for both liquids at T < 137K for methane and 
T < 216K for ethane. Application of Stoke's Law using 
a hard core radius of 0.19 nm for methane and 0.219 nm for 
ethane led to calculated mobilities larger than tnose 
actually observed, by a factor of 1.4 in methane and 
3.0 in ethane. The explanation was offered that the 
lower observed mobility in methane was due to the polar- 
ization interaction between the ion and the molecules, 
while that in ethane was due to the dragging by the ion 
of a solvation shell of nearest neighbours. 

Recently, even more extensively purified hydrocar- 
bons such as n-hexane have been examined (98,99). 

Earlier workers had found a single negative charge carrier 
Meesorten several positive charge carriers. The more 
recent results confirmed that the negative ions were 
more mobile than the positive, but there was only one 


Magor charge carrier of each sign. 
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b.. Electron Mobilities in Liquid Hydrocarbons 
i) Background 


Electron mobilities had been measured in liquified 
rare gases since 1951 (100). However, sufficient purifi- 
cation to allow the observations of a signal that could 
definitely be attributed to electrons was not accomplished 
in liquid hydrocarbons until 1968 (94). Confirmation by 
several research groups followed quickly afterwards (95, 
101-103) and measurements were made in a wide number of 
systems (104-106). These experimenters used glass con- 
ductance cells that could only withstand gas pressures up 
to about 0.4 MPa, which placed a practical limitation on 
the temperature range over which measurements could be 
made. 

Despite the limited temperature range a great amount 
of data was collected, especially after 1972 (96,97,107- 
We2). Higher pressures had been used in work with liqui- 
fied rare gases (123,124). This design has recently been 
adopted for use with hydrocarbons (125-129). Freeman and 
co-workers developed a glass cell with walls 1 cm thick 
min contrast with previous cells of 0.2 cm) which could 
Stand pressures up to 6.5 MPa. Measurements could be 
made over a continuous density range from the dense 
liquid to the critical fluid and into the dilute gas (70,71, 
73, 130-132). It should be noted that the pressure that 


a cylindrical glass cell could withstand depended on the 
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ratio of the inner diameter of the cell to the thickness of 
the cell wall. Cipollini and Allen used the normal low 
pressure cell wall (~0.2 cm) but decreased the inner dia- 
meter to 0.1 cm (133). The cell was able to withstand the 
critical pressure of tetramethylsilane which was 2.8 MPa 
(134). 
ii) Low Pressure Observations 

From the low pressure studies a number of generaliza- 
tions were made. The most noticeable change was in the n- 
alkane series as the length of the carbon chain was in- 
creased from that of methane to that of n-butane (96,97, 
109,120). Over the entire temperature range from near the 
triple point to above the boiling point, the mobility of 
electrons in methane was greater than 300 cm“/Vs.-- The 
Arrhenius activational energy was negative. In Hihahen the 
mobility was more than two orders of magnitude less, and 
the activational energy was about 3 kcal/mol. From ethane 
to propane to n-butane, the mobility, at the same reduced 
temperature Les = TT where ibe isthe critical: temperature, 
would continue to decrease but to a much less extent than 
for the methane to ethane transition. The activational 
energy continued to increase. 

Branching of the carbon skeleton increased the 
Mobility. It was noted that the mobility increased as the 
degree of sphericity increased (107). For alkanes this 


appeared to be related to the anisotropy of the polariz- 
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ability. The mobility in isobutane was therefore much 
higher than that of n-butane, and its activational energy 
near the boiling point lesser (109,114). Neopentane pos- 
sessed a much larger mobility than n-pentane or isopentane 
po4,105,107,108). It was also found that the branching 
effect only extended to about two C-C bonds in series (107). 
In general, the introduction of a carbon-carbon double 
bond decreased the mobility from that of the corresponding 
alkane. The mobility in ethene was much less than that in 
ethane, and the mobility in propene much less than that in 
Propane (132). An anomaly was found in the case of the 
butenes which were analogous LOMNe=outanes, lee. Cls~ and 
Mp -pucene-c. “Electrons in both trans-butene-2 and butene- 
1 (108) had lower mobilities than in n-butane (109). The 
erectrons in cis=butene=2 had a mobility an order of 
magnitude larger than that in n-butane. The reason for 
the difference in behavior between cis-butene-2 and that 


of trans-butene-2 has yet to be satisfactorily explained. 


iii) High Pressure Observations 

As measurements were extended into the critical 
Beaion; it Was found that.all the mobility curves increased 
as the temperature was raised above the boiling point of 
the compound. Mobility maxima were found in methane(126, 
127), ethane (128), cis-butene-2 (131), cyclopentane, 
neopentane and neohexane (130), cyclohexane (71), and 2,3- 
dimethylbutane, 3,3-dimethylpentane, 2,2,4-trimethyl]- 


XS 


pentane, and 2,2,4,4-tetramethylpentane (132). For 
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the larger alkanes the size of the maximum and the dif- 
ference CN where T was the temperature where the maxi- 
mum occurred tended to increase as the molecules became 
more sphere-like. The presence of trimethyl groups seemed 
especially important. The size of the maximum decreased 
drastically as the carbon chain increased from that of 
methane to that of ethane. 

A recent work of electron mobilities pp in dense 
methane gas deserves special mention at this time (59). 
Measurements of u as functions of number density along 
isotherms showed that the shape of the mobility curve and 
the existence of a mobility maximum were independent of 
temperature. Tne position of the maximum was also in- 
dependent of temperature. This work had shown that the 
existence and position of the maximum in methane were 
independent of phase, since the position of the maximum 
agreed with that found in the liquid (126,127). The 
high pressure cells allowed measurements through the 
critical region which showed that the electron did not 
Change its behavior drastically right at the critical 


point. 


Dis Free Ion Yields 

The number of ion pairs that escape into the bulk 
medium per 100 eV of absorbed dose can be determined in 
three ways. A substance can be added that reacts with 


the electron to form a measureable product. Alternatively, 
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the specific conductance of the system can be measured. 

If the mobilities of the ions are known, the number of ions 
formed can be calculated. Finally, the free ions can be 
swept from the fluid by an electric field, collected at 
electrodes, and their charge measured. Each method, as well 


as some older works, will be discussed in turn. 


a. Older Results 
Initial workers measured the ionization currents i 
which were proportional to the free ion yields. Mohler and 
Taylor determined the ionization current created in liquid 
carbon disulfide by X rays at field strengths up to 60 kV/cm 
(135). At higher fields the ionization current tended towards 
Saturation. Using Jaffé's theory (see section C), a plot 


ai VS 2m was made. Extrapolation of the curve to 


of 
infinite field strength led to a W value for the liquid 
of 26 eV, which was taken to be the same as the gas phase 
result of 24 eV (within their estimated error). It should 
be noted that Jaffé's theory was developed for columnar 
recombination in the high linear energy transfer (LET) 
tracks of alpha particles. As such, application of this 
model Was really inappropriate to measurements where the 
ionization was caused by low LET radiations such as X rays 
or yanay si. 

Gerritsen and Kolhaas made measurements in liquid 


nitrogen and in liquid helium I and helium II (136) 
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irradiated with X rays. The curves were similar but the 
field strength where the current’vs E plot bent down- 
wards was higher in nitrogen than in the heliums. At about 
the same time Pao measured ionization currents induced by 
y rays in oxygen and in iso-octane (137). Pao also made 
plots of ee against com Heasthoundest hat. tou 0191s ah 2 BiSKs 
the curves all have the same value at eal = Q09in 1s00C Tanne. 
Extensive study of the field effect was conducted by 
Ullmaier (138). Measurements were made using soft X rays 
and field strengths up to 50 kV/cm. Ullmaier noted that 
increased branching of the carbon skeleton led to a large 
ionization current. Furthermore, the more spherical the 
compound, the smaller was the field strength at which the 
curve bent over (began to approach saturation). The W 
values determined from application of Jaffé's theory were 
higher than those of the gas. For the n-alkanes, W 


increased with chain length. 


D pondttance 

As previously noted in the section on ion mobilities, 
the free ion yield could be calculated from the conductance 
of the system if the mobility of the ions were known. The 
earliest works using this method had to estimate the 
Pebilities (89,90), but in later works, the mobilities 
were directly measured (91-94). 

Freeman and Fayadh found that free ion yields in- 


creased with the static dielectric constant of the liquid 
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(90). The samples were irradiated with y rays from a 6005 
source. On the basts of their results, it was proposed 
that the electron may be trapped in liquid cavities. 
Furthermore, the trapping process required that the elect- 
ron lost energy to the molecules in such a manner that it 
cannot be considered to be quasifree as proposed in an 
earlier model (139). 

Hummel, Allen and Watson found that an Arrhenius 
plot of the free ion yields for n-hexane gave a good 
Beaa ght line in agreement with the idea that the escape 
probability varied as an exponential of 1/T (92). X rays 
(1.5 MeV) from an electrostatic generator were used. It 
was noted that the range of the electrons was greater in 
n-hexane than can be expected from extrapolation of high 
energy ranges. It was also suggested that temporary 
negative ion formation witn accompanying energy transfer 
to vibrational modes may occur, and that this formation 
be more important for solvents with electronegative atoms 
than for hydrocarbons. 

It was noted that range type calculations refer 
to the average distance that the electrons travelled to 
be moderated to the sub-excitation region, and that a 
Significant additional distance must be travelled before 


the electrons are thermalized. 


c. Clearing Field (Charge Clearing) 


The clearing field method involved the collection 
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of all free ions before appreciable random recombination 
could occur (140,141). In order to accomplish this, the 
total absorbed dose was kept low and the field strength 
high. The G°-. was obtained by extrapolation of the high 
field yields to zero field strength. The method has been 
used to collect a large amount of data on hydrocarbon sys- 
tems (107,109-114, 118, 141-149). Radiation was supplied 
by electrostatic generators except in ref. 142 which used 
a £005 source. Data were fitted with models (3,6,107, 


141) based on Onsager's theory, and the thermalization 


length of the electron b, extracted (see section C). 
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Comparison between different hydrocarbon systems was usually 


effected by use of the density normalized thermalization 


length bd. 


i) Schmidt and Allen 


Schmidt and Allen noted in their works that the 
bd should be the most important parameter characterizing 
the energy loss soe: of the electron to the liquid 
medium (141). The parameter bd was much increased in 
compounds with a quaternary C atom, and decreased by 
intrcduction of double bonds or the introduction of oxy- 
gen atoms for a CH. group in a molecule. Neopentane was 
found to have an exceptionally high One in agreement 
with the result of Tewari and Freeman (94). Extension 
of the work (143) led to the discovery that bd at room 


temperature was almost constant for all the n-alkanes 
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from n-butane to n-decane plus n-tetradecane. This indicated 
the similarity of the energyloss process in these compounds- 
Comparison of olefins to ethers showed that the oxygen atom 
was better at thermalizing the electrons than the double 


bond. 


ii) Freeman and Co-workers 

The bulk of free ion yield measurements after 1970 
have been done by Freeman and co-workers (107,109-114, 
144-149). Systems were examined to separate out the 
effects caused by increasing the length of the carbon 
skeleton, by unsaturated carbon-carbon bonds, by aromaticity, 
by EyeVicization, by branching, by replacing a CH. group 
with an oxygen, and by temperature variations. The effect 
of the position of substitution was also examined. For 
example it was found that from propene, the introduction 
of a methyl group to form cis-butene-2 or isobutene led 
to an increase in bd but that if trans-butene-2 was formed 
bd decreased (149). It was noted at the time that the 
range of the energy loss interaction only extended over 
two C-C bonds in series. Conjugation of double bonds did 
not appear to have a special effect. Oddly enough while 
alkyne-1's de-energize electrons much more efficiently than 
alkanes, an internal triple bond has a larger bd than the 
alkane. This was taken to mean that the electrons may inter- 


fere with the polar C-H in the alkyne-] rather than with the 
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mriple bond. The greater range in cis-alkene-2's compared 
moetnat of the trans-alkene-2‘s has not been satisfactorily 
explained. It was suggested that for hydrocarbons the rates 
@t energy loss correlated to the anisotropy of polariz- 


ability of the molecules. 


d. Scavenging Experiments 


A serious problem in the extraction of the most 
probable thermalization length b from charge clearing ex- 
periments was that the distribution of thermalization dis- 
tances must be known, As well, fitting of the data required 
that the total ion yield G. oy also be known. The total 
ion yield can be assumed to equal the gas phase value or it 
can be used as a fitting parameter. Measurements for a 
series of alkanes over the entire liquid range showed that 
assumption of an exponential distribution required an 
assumed G,., of 7.5 + 1 while assumption of a Gaussian 
type distribution required an assumed Got Of 4 oh ah 1 
Senet to Tit the data .(6).. The fit of athe .calculated 
Curve was just as good in each case to the experimental 
points. | 

Scavenging effects on the y-radiolysis of organic 
compounds can yield either the free ion yield at zero 
electric field, Oa Gn the total von yierd (151). For 
a wide range of organic compounds, the total ion yield 
Reema? + 0.5 (152-155) which lent support to the 


usage of a Gaussian type distribution function. The 
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free ion yield can also be used to check the values obtained 
from electrical methods, The free ion yield in neopentane 
determined by Tewari and Freeman (94) of 0.86 was much 
larger than that of n-pentane (Goo = 0.12). A scavenging 
experiment determined that ae = 0.95. a Valuecrwi thing) 0” 
of that of the electrical method (153). This agreement 
lent credence to the accuracy of the clearing field method. 
Nishikawa and co-workers used scavenging experiments 
to examine thermalization lengths in the supercritical 
fiuid of Co-Cy alkanes and alkenes (156-159). Nitrogen 
yields released by the nitrous oxide electron scavenger 
were measured and plotted against the square root of the 
concentration of N,0. The nitrogen yield at [N,0] extrapolated 
to zero was taken to equal Cs It was Tound that. at 7a 
fixed temperature, the value of Ge. in all the compounds 
increased as the gas density decreased. Variation of 
Be density at 0.2 < d < 0.45 g/cm* changed the value of 
bd by less than 10% (where comparison was possible). 
Variation of the density at 0.1 < d< 0.2 g/cm? can 
mmerease bd by as much as a factor of 2. The sudden in- 
crease in bd at these lower densities was taken to 
indicate that the degeneration of clusters in the fluid 
was occurring over a fairly narrow density range (157, 


boc). 
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e- Gas Phase wotal fon -Yields 

Gas phase dosimetry using ionization chambers re- 
quired a knowledge of W, the average energy expended in 
pormation of an ion pair. If a strong enough field was 
applied so that all the ions werecollected, and if the total 
energy absorption needed to generate these ion pairs could 
be measured, then W could be calculated. 

The W value was usually determined relative to a 
Standard. Meisels (160), Adler and Bothe (161), Leblanc 
and Herman (162) used the ionization current in air, 
Cooper and Mooring (163) used six gases (Ho, He air, Nos 


> 


Ar and CoH.) and Stoneham, Ethridge and Meisels (164) 
used nitrogen. Meisels (160) noted that there appeared to 
be a systematic decrease in W with chain length within 

the alkane and alkene series. No clear differentiation 
could be made between structural isomers. Adler and Bothe 
noted that within a homologous series the rates of (W/1) 
was roughly constant, where I was the ionization potential 
(161). LeBlanc and Herman presented an empirical formula 
based on the number of atoms of each type in the compound 
(162). Calculated values were within 5% of the experi- 
mental values. Cooper and Mooring (163) also attempted 

to correlate W values to ionization currents. The pro- 
met of (WJ*/Z) was fitted as a function of log I, where 


J* was the ion current per mole, Z was the atomic number 


of the material and I was the average ionization potential 
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of electrons in the material. Stoneheim and co-workers 
made measurements at temperatures of 298K < T < 473K and 
at pressures between 53 kPa < P < 360 kPa. No variation 
of W with T or P was found (164). 

The usual quantity used in conductivity experiments 


is the ion yield (the number of ion pairs produced per 


100 eV of absorbed energy). The relationship between Get? 


the total number of ions produced per 100 eV absorbed 


dose and W is given by: 


Got = 100/W (8) 


Total ion yields in hydrocarbons with a carbon number of 4 
Peeress, excluding the butenes, aretcontained in Table 


I-1. Air and nitrogen values are also given (165,166). 
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VABLE tT =1 


Total Ion Yields in the Dilute Gases? 


Compound Giot Ref. Compound et Ref. 
CHa Sy 160 1-CAHy 4 4.3 160 
Sipeg 0) 161 oS 162 
St) 162 4.1 163 
SIT; 164 A.2 164 
Said - hid, x 
CoH, 3.9 160 CoH 3.9 160 
Sa 161 i es 16] 
3.9 162 3.9 162 
eae) 163 4.0 163 
4.1 164 3.9 * 
4.0 * 
C3He 4.0 160 
Cah. es 160 4.0 162 
a) 161 4 * 
443 162 
4.) 163 c-C3H, ie ioe 
nZ. * 
4.2 164 
4.2 ; air 2.96 ..165 
n-CAHi Gg a4 160 N. 2.89 166 
ac 161 
4.4 162 
aa 163 
4.35 164 
Ay * 
CoH, is ethene, C,H, is propene and c-C3H_ is cyclopropane. 
(*) indicates the preferred value. 


a. For B-rays. 
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C. Theory 


In this section an outline will be given of a number of 
models commonly used in the treatment of experimental data. 
ie Nobility in Gases 
ae On Nob hi ty, 


Langevin had treated the problem of diffusion and 
applied it to the gas phase mobility (167). The molecules 
were assumed to be elastic spheres. The spheres were taken 
momoe DOlarizable tn.the) field: of the ions. - The force: of 


attraction f between the ion and the molecule was 
f = 2me (9) 


where m was an average effective moment induced on the 
molecule by the ion, e was the electronic charge and r 
was the distance between the ion and the molecule. The 


effective moment was given by 
Tees (10) 


where y was the total effective molecular polarizability, 


and was given Dy 


een Ge Gen 


where n was the number density of molecules and e was the 
Mrelectric constant. This led to the force of attraction 


being set equal to 
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Z 
2nnr 
corresponding to a potential energy of 
ag 


V = 
Beart 


(13) 


Assuming as well that the random thermal velocities 
of the ions followed a Maxwellian distribution, Langevin 


obtained 
*% 
eet + m/M (14) 
n(e-1) 


where uw was the mobility, m the mass of the molecule, M 
the mass of the ion and A a function of a quantity X which 
is a measure of the relative importance of the size of 
the particles and the polarization forces in determining 
the path of the ion. A small X} meant that the attrac- 
tive force due to polarization was much more important 
than direct collisions. Conversely, a large X meant that 
the attractive forces were weak and that direct collisions 
were mainly responsible for scattering of the ions. A 
equalled 0.505 when A = 0, increased to a maximum of 0.58 
Bt»A = 0.6, then decreased as A increased further. 
The product XA approached 0.75 whenzX was large. Since 
2 ( ony’ (15) 
e e-] 


Where o was the sum of the radius of the molecule 


and ion, and P was the pressure, elimination of 
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(e-1) from equation (14) led to 


45 
fe DAA ( aa) (16) 
oO 87Pn 


FOOT Se (2 + aa) 
o2 8TPn 
which was the formula used by Tyndall and co-workers in 


their investigations on ion sizes (25). As P depended upon 
n, equation (16) also indicated that the mobility should 
decrease with n, which was the same conclusion reached 


miesection A. 


b. Electron Mobility 


A fair amount of work has been done by J. L. Pack and 
A. V. Phelps in developing simple models that could be 
used in extracting electron-molecule scattering cross- 
sections from transport measurements (168). The earlier 
model obtained cross-sections from the variation of the 
low field mobility as a function of temperature. ihe 
latter used the variation of mobility and the variation of 
(D7) as a function’of electric field strength. Both 
were solutions to the drift velocity equation given in 
met. 169. 

i) Temperature Dependence 
The drift velocity w of electrons in a de electric 


field E was taken to be 
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where to was the spherically symmetrical term of the 
electron velocity distribution, v the electron velocity 
and o the momentum transfer cross-section (170). For low 
E/n, the electrons are in thermal equilibrium With the gas 
and the Maxwellian distribution could be used. f. was | 


0 
then given by 


m ay ar 2 : 
fo (=) ex pale (18) 
27kT 2kT 
Assuming that 
(ov)! -2ay yd | (19) 
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Sombination of equations (17), (18) and (19) led to 
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ation of the mobility could be used to obtain j and B 


Malues. The cross-section o was given by 


folie LOS Gis aaa erage (21) 


Sieren (9/261 / 2) : 


This method and an equivalent formulation by Viehland 
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and Mason for ions (171,172) have been widely used (52,64 
Be ls 35 N72 35174). 
ii) Field Strength Dependence of Mobility 
and. of: (D/y ) 


Pack and Phelps also led the way in solution of the 
drift velocity equation without having to assume a Max- 
wellian distribution or the assumption of the power law 
dependence of o on v (175). Values, however, had to be 
assumed for the various elastic and inelastic scattering 
processes as well as the form of the distribution function 
in the energy range used. Values of w and of D/u were 
calculated and compared with the experimental numbers. 
Adjustments were made to the cross-sections until the 
calculated transport coefficients were in agreement with 
the experimental values. This method has been used in a 


wide number of systems (53,56,67,78,175-177). 


2. Electron Mobility in Liquids 


a. Quasifree Electrons 
Lekner calculated quasifree electron drift velocities 
in liquid argon using a model that introduced the struc- 
ture factor S(o) into the drift velocity expression 
078). For the weak field region the electrons were 
assumed to have a Maxwellian distribution of velocities 
and the momentum transfer cross-section equalled 


[4na*s(o)], where a was the scattering length. The 
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drift velocity was then given by 


2 eE 
w= 2/3(—-—~-)—>—_ G22) 
ama! nana“S(o) 


where m, was the electronic mass and kp was Boltzmann's 
constant. Calculated values had the correct shape and 
agreed well with the data of ref. 179 up to 10° V/cm. The 
model curve decreased at higher fields while the experi- 
mental points still increased. The model leading up to 
this expression was actually developed in ref. 180 and is 
referred to as the Cohen-Lekner model. 

Schnyders and co-workers had observed that in liquid 
argon and krypton, the mobility as a function of tempera- 
ture went through a minimum and then increased (123). 
Lekner noted that the scattering length was positive in 
liquid argon near the triple point and negative in the 
gas phase. He proposed that the scattering length go 
through a zero point at an intermediate density and that 
the mobility was increasing towards a maximum (181). 

This maximum was subsequently found in liquid argon near 
the critical region (124). Lekner and Bishop also 
examined the effect of critical fluctuations as the tem- 
perature was raised towards the critical temperature for 
noble liquids (74). It was predicted that scattering 

of the electrons by long wavelength density fluctuations 
would be increased, decreasing the electron mobility. 


Near the critical point, the electrons would be localized 
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Within the fluctuations and the mobility would be de- 
creased by about four orders of magnitude. More recent 
experimental work had found discrepancies between the 
predicted mobility values and those measured (75,185). 
The Cohen-Lekner model has been used to calculate the 


mobility of quasifree electrons in hydrocarbons (182-184). 


b. Localized electrons 
i) Nature of Localized Electrons 

In liquid hydrocarbons, electron mobilities were found 
to be orders of magnitude larger than those of the ions. 
However, they were orders of magnitude smaller than those 
found in the liquified rare gases in which the electrons 
were quasifree. The inclusion of the incoherent scatter- 
ing by the polyatomic molecules was insufficient to explain 
the difference (182). Models were developed which estimated 
the effects of a temporary negative-ion being formed or 
of the effects of trapping. Both types of model had the 
same meen ener There had to be two states of the 
electron, one corresponding to the quasifree electron and 
One to a slower mobility state. The two state idea had 
been proposed by Thomson for electron transport in gases 
(186), by Tyndall for ion transport in gases (25), and 
by Crowe (82) and LeBlanc (81) for electron transport in 
liquid hydrocarbons. 


Minday, Schmidt and Davis conducted a series of 
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experiments in 1971-1972 that led to the acceptance of the 
trapping model of electronic transport in liquid hydro- 
carbons (105,106). The most convincing set of measurements 
were done on a series of neopentane-n-hexane mixture (106). 
Assumption of a short lived negative ion, or some other 
form of single molecule process, would have required that 
the mobility of the mixture depended inversely upon the 
mole fraction of n-hexane (106). The activation energy 
should have been constant. Instead it was found that the 
activation energy of the mixture depended upon the mole 
fraction of n-hexane. This required a multi-molecular 
trapping process. For the mixture, the activation 


energy was of the form 


ST ee SE ed (23)) 


ire] Ouee 
where E. was the activation energy of component i and x. 
was the mole fraction. This equation was in accordance 
to a statement that the mobility depended on the time 
that the electron spent in the high mobility state com- 
pared to the time in the low mobility. The problem then 
laid in the calculation of the probability that the 
electron would be in the free state. The existence of 
a localized state has been shown by the detection of 
absorption signals from electrons solvated in liquid 


hydrocarbons (187-191). 
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ii) Bubble Model 


Schiller in analogy to bubble states in liquid He de- 
veloped a two state model in which the localized electron 
state was a bubble (192-194). The medium was considered 
to be divided into a number of small equal-sized subsystems. 
The energy content of the subsystems was described by 


the probability distribution 


1 2 
p(E)dE = (210°) ‘em ES)" | a (24) 


where p(E)dE was the liklihood of finding a cell with 
energy between E and dE, <E> was the average energy of the 
system and o was the dispersion parameter for the distri- 


bution. The dispersion parameter was given by: 


2 

ao = kT@C + SE (<N2> ~ <u>?) (25) 

g V 
ly ea 


where Cy was the heat capacity at constant volume for the 
system, V the volume and N was the number of molecules in 
the cell (93). Schiller used the case where N was smal] 


c i 


So that equation (24) converged to (kT C, Localization 


Occurred if E-<E> < ‘Ps mee where Ey was the energy of 

the localized state and ve was the energy of the extended 
state. Integration of p(E)dE between -= and oe wey? 
gave the probability of localization. The mobility in 


the liquid depended solely upon the fraction of electrons 


in the extended state. 
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iii) Ether Model 

A similar type of model was developed by Freeman from 
observations of electron mobility and optical absorption 
energy in ethers (112,195), and applied to liquid hydro- 
Garpons (70,71,114,130-132). The medium was taken to be 
homogeneous towards charge transport and a distribution 
for localization probability was assumed. The final 
equations appeared to be similar to those of Shiller's. 
The basis of the model was considerably different. Schiller 
had assumed that a bubble could form in liquid hydro- 
carbons as in helium (196), positronium studies (197,198). 
or alcohols (199,200). Freeman's model made no assumption 
as to the nature of the traps but was based on the obser- 
vation that the low temperature electron mobility was 
about double those of the anions and that at high tempera- 
tures, it was orders of magnitude larger than that of the 
anions. It was also noted that the low temperature (ion- 
like) mechanism was unlikely to have involved the migration 
of the nearest neighbour solvation shell along with the 
electron. The mobility Uo at any temperature was taken 
to be 


O 6) 
vere cle ta exp (-E54/RT) We See (26) 


Where 1°... was the pre-exponential factor of the ion-like 


nat 


mobility, Es 


uP the mobility in the extended state and x the fraction 


the activation of the ion-like mobility, 


of electrons in the conduction band. 
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iv) Percolation 


Freeman and Schiller assumed that the medium was homo- 
geneous towards charge transport and that the SRpeaenee in 
mobility states was due to the existence of two modes of | 
charge transport. Kestner and Jortner developed a model 
which assumed that there was only one transport mechanism 
(201). The proposal was made that since electron mobility 
mepenaed Upon Jocalyrotational fluctuations (103,104), the 
medium should be described in terms of regions that were 
"transparent" or were "almost opaque" towards electrons. 
The fraction of transparent regions c determined the mobility. 
The relationship between the mobility and the energy of the 


extended state was calculated in terms ofc. 


Ce PYevdee pect 


j Positive Dependence 


Bagley developed : model for transport of localized elect- 
rons (202). The transport involved an activated process of 
motion from one site to another across an average distance 
Of X and over an average energy barrier of AG. At con- 
Stant temperature and pressure, the exchange frequency in 


mie absence of an electric field E was 


k = yexp ey) (27) 


Where y was the attempted frequency and kp the Boltzmann 


constant. With an applied field, the net jump frequency 
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io eee exp ae \ ani (Peas 
2kT ZKT 


2k sinh( 26 (28) 


2kT 
where fy and f_ were the jump frequencies with and against 


the electric field. The mobility was then given by 


Pree aN nae 


eee) | sinn( 2eE ) (29) 
E kT Zk hh 


more that at small x, sinh x = x so that at small EE a field 


independent mobility was recovered. This model has been 
applied to liquid paraffins. Jump distances in ethane 
and propane were estimated to be about 30 A which cor- 
respond to eight molecular diameters (120). Allowance 
for variable barrier energies leads to a more reasonable 
estimate of 7.5 A in propane (203). Application of two 
barrier heights to drift velocities in mixtures of methane 
and ethane leads to an estimated average jump distance 
af. 10 A in pure ethane (204). 
(ii) Negative Dependence 

In liquid methane, neopentane, neohexane and tetra- 
methylsilane, the mobilities were found to decrease at 
high electric field strengths (96,130,205). That a transi- 
tion from a positive to a negative field dependence could 
occur in the liquid was evident from liquid ethane 
mesmtset1)9y129)0 <AtoT < 216K a “positive dependence 


Was observed. At 294K, a negative dependence was 
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observed. It has been noted that the decreasing threshold 
field for the field effect as the temperature was in- 
creased appeared related to the ratio of the drift velocity 
w to the speed of sound in the liquid (130). 

w varied with E* with x being less than one and possibly 
as low as zero. There was no simple dependence of w with E. 


Variation of x from 1 was attributed to a heating of the 
electron distribution. 
3. irree clon Yivetds 


avs tH Mone Ti 

Jaffe developed a theory of ionization in liquids irradi- 
ated by a-particles (206). The ions were known to be 
grouped along the track of the ionizing radiation rather 
than being uniformly distributed throughout the liquid 
(207). The larger the linear energy transfer (LET) the 
more dense became the grouping of the ions in the track. 
An important part of Jaffe's solution was that a-particles 
Created dense cylindrical tracks. A relationship between 
the measured charge and the saturation charge was obtained, 
which was the same as the ratio of the measured current 
to that of the saturation current. The relationship was 


of the form 


ee + -cE(E) (30) 
ae 


where i was the measured current, Ve the saturation cur- 


rent, c was a constant quantity and f(E) was a function 


of E that equalled c'/E at high field strengths (c’ was 


.- 1] -] 
another constant). Hence a plot of 1 VSor for large 
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values of E allowed the determination of Te and hence W. 
Use of this theory to interpret results where the ioniza- 
tion source was X rays oryrays js incorrect since ion 


columns are unlikely to exist. 


moe LOW. LE f 

Results involving low LET radiation such as cosmic rays, 
electrons or yrays are currently interpreted by various 
models based on Onsager's model which was developed for 
eigte pair spurs (208). “In the absence of an electric 
field, the probability of escape depended solely upon the 
Coulomb attraction between the ton and the electron and 
equalled the reciprocal of the Boltzmann factor, 
expLV/kT] where V was the Coulomb potential. If a field 
was applied, V would also have contained a contribution 
meom the electric field. Solution for the yield of ions 
also required a guess of the distribution of the initial 
ion-electron separation distances. 

This model had been adopted for liquid hydrocarbons 
()=6, 89, 209-212). The free ion yield at a field strength 


as er.” was usually calculated from 


co 


See d 31 
are Seon f FUyI#(y Ely (31) 
10) 
Where G Wwastithes total ion yield, Fly) the initial 


tot 
distribution of ion-electron separations and $(y,E) the 


probability that an ion pair with a separation of y would 
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form a free ion pair at field strength E. o(y,E) was taken 
from Onsager's solution. The exact form of F(y) could not 
be obtained from experimental data and had to be estimated. 
A gaussian type distribution was often used. Another 
popular choice was an exponential function. It should be 
noted that the ratio Be hG) bb was the average probability 
of escape for the distribution F(y). The distributions 
were picked so as to fit the data. For the same free ion 
yield ae if the standard deviations were the same 

for both the exponential and the gaussian curves, equally 
good fit of the calculated and experimental points could 
be obtained (213). The difference in the use of the two 
different Prise aan on was that the exponential form re- 
quired large Got 5 to be assumed and resulted in smaller 
thermalization yields (130,214). As mentioned in section 
B.5.d, scavenging experiments supported the use of 


gaussian type distribution functions. 


4. Correlations 
The common parameters measured in conductance experi- 
ments were the mobility ,, free ion yield Or and the 
extended state energy Vi: These parameters appeared to be 
related to common properties of the fluid. 
Since 1968 a correlation between the sphericity of 
the molecules and a large electron signal as well as a 


0 
large ne had been noted (94). The larger the G _. 
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became, the larger was the thermalization length b. In 
general, compounds with a large electron mobility would 
also have a large b (107,114,130 and ref. therein). 

The density normalized thermalization range was also fre- 
quently used. It has been found that y and bd seemed 
related to each other over the entire liquid range for 
the pentanes and that a maximum in y if it existed would 
‘appear at about the same density as a maximum in bd (130). 
Attempts had been made to relate the mobility and the 
free ion yield data through energy loss parameters (25% 
216). 

The energy of the extended state for electron trans- 
port loge WaS usually measured by a photoemission method 
(217). It was noted that ,» increased te Mee became more 
negative. Ete was understood that a more negative Vo 
(lower energy level) meant that the electron trap depths 
were correspondingly smaller. Correlations between u 
and NN have been examined (201,215,218,219). It has been 
noted that y and We appeared correlated over the entire 
liquid range (59,219) and that a minimum in V). occurred 
at about the same density as the maximum inu. This 
correlation has been used to predict the density at which 


eiectron localization transitions may occur (220,221). 


bo. 


D. the Present Study 

The purpose of the present work was to extend the study 
OF electron and ton transport in fluid hydrocarbons with 
different molecular structures.Mobilities of electrons 
and of positive ions were measured in C, to Cy alkanes 
and alkenes,excluding butenes,over wide ranges of density, 


temperature and electric field strength.Electron thermaliz- 


ation ranges in these fluids were also estimated. 
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A. Materials 

The following gases were supplied by Phillips 
Petroleum Co.: ethane (99.99%), ethene (99.97%), propane 
(99.99%), propene (99.94%), n-butane (99.97%) and iso- 
butane (99.90%). Methane (99.99%) was obtained from 
Matheson of Canada Ltd. and the Linde Division of Union 
Carbide Corp. Cyclopropane (99.0%) was also supplied by 
Linde. All of these gases were further purified with 
Molecular Sieves and either sodium-potassium alloy or 
potassium mirrors. The procedure is more extensively 
described below. Potassium metal was obtained from BDH 
Chemicals and sodium metal (Certified), from Fisher 
Scientific Co. Davison 3A and 4A Molecular Sieves were 
obtained from Fisher Scientific Co. Potassium hydroxide 


pellets were obtained from BDH Chemicals. 


D. Apparatus and Procedures 
1. The Vacuum System 


The main manifold is similar to that shown schematic- 


+ pa eae 


ally in Fig. II-1. A vacuum of <10 torr) was 
achieved using a Welsh duo-seal vacuum pump in series with 
a mercury diffusion pump and cold traps at liquid nitrogen 
temperature (traps Ty and T» in Frdure ll-T yy.) ane 
pressure was measured with a Bendix Corp. GPH-320 Penning 


gauge. The gauge head was connected to the vacuum mani- 
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fold by a Kovar seal. A111 stopcocks on the upstream 

side of the mercury diffusion pump were grease free, 
metal-Teflon valves supplied by Hoke Inc. (model 4251N6Y) 
or by Nupro Co. (model 5S-5BK-SW), or glass-Teflon 

Valves supplied by Ace Glass Inc. The latter valves used 
Viton A O-rings to effect the vacuum seal. Two auxiliary 
manifolds were attached to the main vacuum line. Traps 
Bere sting the Molecular Sieves, the Sod innate sun 
alloys, the potassium mirrors, and traps used in degass- 
ing the samples were attached directly to the auxiliary 
lines. The measuring pipettes and the conductivity cells 
were also directly attached to the auxiliary lines. A 


possible layout is shown in Figure II-2. 


ao Sanv le Purification 


The gas cylinders were connected directly to the 
vacuum line through flexible stainless steel tubing 
welded to a Kovar seal. After thorough evacuation, 
about 50 ml of liquid sample was introduced into the 
line, degassed by distillation while pumping from trap T3 


coy 1 and then held on Molecular Sieve overnight. The 


a2 
exceptions to this procedure were methane, which was 
only flowed through Davison 3A Molecular Sieve at -78°C, 
Bnawernene. whieh was held overnight on KOH pellets at 


we iiStead Of On the Sieve. The next step was to 


degas the sample once more, and then to treat it with a 
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series of 5 or more freshly activated potassium mirrors. 
To better effect purification the samples were held as 
liquids on the mirrors, using an acetone/Dry Ice slush 
bath. For methane, an isopentane slush was used instead. 
For cyclopropane, n-butane and isobutane, the sample was 
stirred on a sodium-potassium alloy instead of the 
potassium mirror. Cyclopropane had to be cooled to ~-5°C 
by a Tnermoelectrics Unlimited Inc. Stir Kool SK-14 
refrigerator unit, using n-hexanol (Aldrich Chem. Co.) 

as the coolant. n-Butane and isobutane were purified at 
room temperature. Cyclopropane was stirred for 7 days 
prior to use; n-butane and isobutane, for 2 days. The 


sample was held on the alloy until use. 


3. sample Cells 


There were two tynes of cells used, one for high 
pressures and one for low. The low pressure cell used 
for liquid phase measurements is shown in Figure II-3, 
and the high pressure cell for liquid phase measurements, 
in Figure II-4. Cells for gas phase measurements were 
similar except that the side arms point up instead of 
down (Figure II-5). The electrode areas were measured 
directly. The cell constant for the cell was determined 
by a conductance method involving standard potassium 
chloride solutions. The conductance bridge used is 


shown schematically in Figure II-6. The circuit maintained 
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FIGURE II-3. Low Pressure Liquid Phase Cell 
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FIGURE II-4. High Pressure Liquid Phase Cell 


70% 


‘| 


Ny Peel 
craig mit Oe Jee 
aes eo note 


4H : 
iualen ie 
4 mee ee 
sear $2 (Tian w ert 
sae bee 
S072 9 ee AN ey 
fe. a en 1 
oijate2 ac vila 
a 3 ie NK Sh} 
Sor. TIVE Aes ae 
‘ 5 a * 
~ 4 ft é » r 
2a} yous! ‘ b be ai i‘ 
\ ‘ Abit e eee N 
5 = Ae ood a } apd 4 4) a 
| ie boa ee es ie. een 
re oe Ps ee: : yf if . 
oy, aes a ; “te i / 
Ra prae e. Teiret ft 
FOS oy a sis ‘ / 1; 54 : ’ 
ani to 4 i ein © 
45 } iF 4 f) i j 
at Pere ay *4 
+o H iF 8 . 
ny 8 AE 
ca K 4 ( 
ws? 4 H : 
dope Ri } 
— 4 4 
: 
, | 
be | 


: 
| 
} r 
; ‘ad 
‘ Si %; 
’ : 
si 
ees 
} 
{ 4 7 Pi * 
“+ Par te 
za i ‘ + 
a : 
a 
“ 
ht 
. 


re en ee 


ty 
‘ 
7% 
+ 
, 
o Pb 
Bs 
4° 
a4 
a" 
> 


rH SpE 
Y entaeeen niente i 


7 i) n - 
wie 
vin 

I a 3 ; 

‘ sf ; 

& 
Ee ae 

p pe 
io aqatton agit 
Pa 
# 


ej 


4a 
a 
at 


a SS 


et ay mC eae 
Fj 


a 
ee 


_ 


Ye 
nv 


ip 
Rs 


‘ 
~——— 


= Es Bias 
SS. 


ee 


oo 


Ly 


“ 


ele, 


-— Amphenol 03554 


R.E Cable 421-098 WG 4O307) 


Heatshrink 
polyethylene 
tubing 


to vacuum 


Pyrex : f 
Uranium% 
glass 
graded 
seal 


lScm 


Copper wire 


SSSy 


—— — _—— 


High Voltage 


Sil | 
Electrode ilver solder 


Corning 7052 glass 


FIGURE II-5 High Pressure Gas Phase Cell 
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the guard and collector electrodes at the same A.C. poten- 
tial. The cell constant was independent of frequency over 
pace nange Of | tO SK Hz... |The product of the cel? constant 
and the area of the collecting electrode gave the separa- 
tion between the high voltage electrode and the collecting 


electrode. 


teh idduingttheaGell 


The cells were heated to 100°K above the highest tem- 
perature that was to be used in the experiment, or to 150°C, 
whichever was higher. The outer surface of the cell was 
covered with Aqua Dag (G. C. Electronics T.V. tube coat), 
which was grounded to the copper braid that shielded the 
lead connected to the collecting electrode. With the 
exceptions of methane and ethene, a window was left in the 
coating at the front and back so that the disappearance of 
the liquid could be observed. The windows were also 
omitted if the temperature where the liquid disappeared was 
less than room temperature, because there was no window in 
the styrofoam cooling box. The glass side arm over the 
high voltage lead was also not coated, as it was found that 
the coating caused the glass to break more readily. The 
high voltage side arm was wrapped with Teflon tape for 
the first 5 cm from the cell wall. This decreased the 
background conductance during charge clearing measurements, 


During heating preliminary to filling, the cell was 
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pumped on until a pressure of loge Pa was achieved. The 


cell was left in this state overnight and cooled slowly 
before filling. The necessary amount of sample was taken 
from the reservoir and degassed three times. A first 
portion was then pumped away and the middle portion was 
transferred to the measuring pipet. The amount to give 
the needed density was then transferred to the cell, which 


was then sealed off with a torch. 


5. Temperature Control 

A box made of polystyrene foam was used to achieve 
low temperatures. A stream of cold nitrogen from a 50 1 
Dewar of liquid nitrogen was introduced through a port at 
the bottom of the box. The stream Seen through channels 
up the wall of the box and entered the cell compartment 
through narrow slit openings near the top. The gas exited 
from the chamber through a tube which extended from 3 cm 
above the floor of the chamber, up through the lid. The 
rate of flow of the nitrogen gas was controlled by varying 
the current passing through a 1 kW resistor immersed in 
the liquid nitrogen. The temperature of the cell was 
monitored by three thermocouples, one at the top of the 
cell, one at the electrode area and one at the bottom of 
the cell. A fourth thermocouple acted as the monitor 
for the temperature controller. The entire box was jinside 


a brass Faraday cage. 
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The set-up for heating measurements is shown in 
ergure 1Pa7Pe The cell was*positioned on asbestos.supports 
glued to the wall of the clear walled Dewar. The heat 
gun (Master Appliance Corp. model AH0O751) was fitted to 
a glass tube. The heating coil in the gun was connected 
to an LFE Corp. model 226-A21 temperature controller and 
the heat gun fan was powered from a normal 60 cycle outlet. 
The heated air entered the Dewar at about 1/3 of the way 
down the cell body. The Faraday cage was constructed of 
aluminum or brass. Copper screens in holes in the front 
and back walls allowed the observation of the disappearance 


of the liquid as the temperature was raised. 


6. Van de Graaff Accelerator 

A 2.0 MeV van de Graaff accelerator (High Voltage 
Engineering Corp.) was the source of the high energy 
electrons. The accelerator was operated at 1.7 MeV for 
iis WOrGK,\and pulse lengths of 30 ns, 100 ns, and 1.0: ys 
were used. The vacuum inside the accelerator tube was of 
the order of 10°’ torr. The beam was focussed with the 
aid of a piece of phosphorescent paper placed at the end 
of the accelerator tube. Each pulse of electrons hitting 
the paper produced a visible glow which could be seen on 


closed circuit television. Steering and focussing of the 


beam was achieved by controlling current to electro magnets. 
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Figure IT- 7 High Temperature Apparatus 
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7. Gold? Target 


The gold target wassused to produce X rays to irradi- 
ate the sample. The target was placed at the end of the 
beam pipe and was insulated from ground so that the beam 
Sieel., MeV electrons could cause the build up of a charge 
for measurement of the pulse dose. The charge created was 
‘measured by- an Ortec model 439 current digitizer. A TS 
model 1535 counter was used to display he SC mas 


picocoulombs of charge. 


8. Charge Clearing Measurement 

The method used for the charge clearing experiment 
was the Schmidt adaptation of the Hudson method (140,141). 
The ions generated between two parallel plates were col- 
HPeeted byapplication of-an electric field. The transient 
current produced was integrated and the collected charge 
measured. The layout is shown in Figure II-8. The 
P.A.R. amplifier had an adjustable gain which was set to 
an appropriate value depending on the size of the signal. 
The signal was monitored on the scope at the same time 
fiat 1%. Was fed tnto a Fabritek signal averager. For a 
noisy signal, a greater number of signals was averaged. 

The free ton yield is calculated from the charge 

Selected atter the radiation pulse and with) ‘the dose 
absorbed from the pulse. The calculation can be written 


as 
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where Ge is the free ton yield per 100 eV at field-strength 
0 1s the charge collected in coulombs, V is the collec- 
tion volume in cm, D is the absorbed dose in eV/em> by 

the sample between the electrodes from the pulse, and 


6.24 x 10° 


is the product of the electron charge in coul- 
ombs per electron and 100, because of the definition of 

ae ae 
¢q7° Thermoluminescence dosimetry, Using Lie werystalsacalm be 


rated with a standard 600, source, was used to obtain the dose. 


The circuit used to measure ion conductance signals 
is shown in Figure II-9. The signal was carried from the 
target room to the control room on a low noise cable. 

The response time and gain of the circuit were varied by 
mee gain setting on the P.A.R. ‘amplifier, and the resistor 
value. For electron signals, the amplifier (109) was 
moved to the cell end of the low noise cable. For 

liquid phase measurements on n-butane, i-butane, propane 
and ethane, the amplifier had a gain of 100 k and a 
mesponse time sof about 150 ns. For the rest of the work, 
amplifier #8, Figure II-10, which has a gain of 50k 

and a response time of about 50 ns, was used. The low 


noise cable was replaced by 1 meter of Heliax cable. 
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The electron mobilities were obtained by a time of 
flight measurement for all the gas phase results, for all 
the liquid phase results in methane, and at the high tem- 
Semocuces of the other aiquids. In this, method, all the 
electrons are collected before they can be scavenged 
and converted into negative ions. Electrons are formed 
uniformly between two electrodes of separation L. The 
electrons closest to the collecting electrodes are col- 
lected first, and the Parenests last. | «hhei time of col 
lection is the time t needed for the electrons to drift 
across the separation. The average drift velocity is 


then 


PO 
~~ 


van L/t | ( 


where a TSOENetLOLreetevelocityeinsem/ sect The electron 
mobility, which is defined as the drift velocity per unit 


Field strength is then 


See ia) 


where E is the electric field strength in volts/cm and V 

tis the voltage applied across the plates. Measurements 

were made with positive and negative voltages. The two 

different polarities gave results agreeing to within 15%. 

The average of the positive and negative results were used. 
When only a fraction of the electrons was collected 


before scavenging by impurities occurred, an electron 
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conductance method was used (107). The main disadvantage of 
the latter method is that independent determinations of 
the free ion yield and the total dose absorbed during the 
pulse are needed. The measurement of the free ion yields 
is described in section (h). When electron loss during 
the pulse is negligible, the current at the end of the 


pulse is given by 


TORE yA 8 (4) 


where Ws is the current in amps, Cy is the concentration 
of electrons at the end of the pulse (in coulombs/cm>), 
and A is the area of the collecting electrode in cm* 
Normally, the current was corrected for decay during the 
pulse. Corrections were usually 10-15%. The electron 
concentration at the end of the pulse can be related to 


the free ion yield and the dose absorbed from the pulse 


by 5 
10 206 =. 
C = eyids Tly. ( 
fe) 18 
6.24 x 10 


C1 
~~ 


where Gr is the number of ion pairs generated per 100 eV 


of absorbed dose, D is the absorbed dose in eveonen and 


18 


oes ex: 0 is the number of electrons per coulumb. Com- 


bining (4) and (5) gives 
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For the ion mobilities, the time of flight measure- 
meni Was used in all cases. For ions, t is taken to be 
the time needed to collect all the slow charge carriers. 
In all cases except liquid n-butane, t was obtained from 
the charge clearing measurement. For n-butane, an inde- 


pendent measurement of the time of flight was made. 


G. Physical Properties 


The compounds in the present study are the C) to 
Cy alkanes and alkenes, excluding the butenes. The 
densities of the liquids were obtained from reference 
222. Gas densities were obtained from reference 223 
except for cyclopropane. The density of gaseous cyclo- 
propane was calculated from the Van der Waal equation 
224.) Cup to 80-203 g/cm? and from the rectilinear dia- 
meters for >0.11 g/cm? (using the low density gas and 
Bae critical fluid as anchor points). Densities 
between 0.03 and 0.11 g/cm? were obtained by smooth 


interpolation. Extensive tables are available for 
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Dil. 


methane (225) and for ethane (226). 

The dielectric constants (except for liquid pro- 
pene) were calculated from the Onsager equation (227) 
using refractive indices from reference 224 and dipole 
moments from 228. The refractive index for methane 
was unavailable. It was calculated from the liquid 
phase dielectric constant at six different temperatures 
(229), and used in the Onsager equation to calculate 
Other dielectric constants. The dielectric constants 
of propene over most of the liquid range were obtained 
from reference 230. The value at the lowest temperature 
230K was estimated from the Onsager equation. Values 
between 230K and 293K were obtained by linear interpola- 
tion between the measured (293K) and the calculated 
(230K) values. 

Critical temperatures, pressures and densities 
were obtained from references 222, 223, 225, 226 and 231. 
Reference 223 has no data on cyclopropane, reference 
225 has data on just methane and 226 on just ethane. 
Agreement between the different sources is within a degree 
for the critical temperatures and within 5% for the 
critical pressures and densities. The preferred critical 


parameters are listed in Table II-1. 
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Critical Properties 
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Measurements have been made of the electron mobilities, 
of the ion mobilities and of the free ion yields as func- 
tions of the electric field strength for methane, ethane, 
propane, n-butane, isobutane, (2-methylpropane), ethene, 
propene and cyclopropane over a temperature range spanning 
from the normal vapors and liquids to the supercritical 
fluid. Section A will contain the electron mobilities, 
section B the ion mobilities and aan C the free ion 
yields. In each section the order of presentation will be 
the same as above, that is, the results for methane will 
appear first, followed by ethane and the rest. Cyclopro- 
pane will be the last. 

All of the curves in the figures of Chapters III and IV 
were drawn empirically unless otherwise specified. 


A discussion of errors is given in the appendix. 


A. Electron Mobilities 

In this section all the mobilities are plotted as 
functions of the density normalized electric field strength 
E/n. For each compound, the liquid phase results will be 
given first. The gas phase results will be given in order 


of decreasing density. 


(i) Methane 


Figures III-1 to III-17 give the electron mobilities 
in methane as functions of E/n, Figure III-1 shows the 


liquid near the critical point. The mobility is field 
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“bes 


independent up to a value of E/n 27 ie 107 !9 Ven“ /movece 
The slight positive slope at low field strengths is due 
to diffusive broadening of the electron swarm during the 
drift time. Correction for the broadening would raise the 


=2] 


2 
Soiare at E/n = 1 x 10 Vem /molec by 10% and that at 


im i107? by 1%. At higher fields, the mobility decreases. 
Decreasing the density leads to an increase in the thres- 
hold field strength. Over this same range, decreasing the 
density also leads to a decrease of the low field mobility. 
Figure III-2 shows results at slightly higher densities. 
These have been plotted separately from Pigure Tbi-=1' "£0 
avoid overcrowding. 

imespoints for 178K. tn Figure IJ1I-2 are only slightly 
different from those for 181K in Figure III-1. The 


threshold fields for the two are both about E/n = 1.3 x 107!9 


Vom*/molec. As the density increases from 10.7 x Hee 


folecicn™ ate rok CO. ied: 2x 10°! molec fone 


at. LiZK. “the 
threshold field and the low field mobilities decrease 
(Figure III-2). Figure III-3 shows the effect of a further 
increase in density. The low field mobilities continue 
memcecrease, but the threshold fields.’slightly increase. 
Electron mobilities near the triple point (91K) and at a 
few temperatures near the mobility maximum are given in 


: 21 
Figure III-4. The increase in density from 15.5 x 10 


che 
molec/cm> ii aouneglblr=3) to. 17.0 x Vere molec/cm~ in 
migure I][=-4 causes an increase in the low field 


mobilities, though the threshold field seems the same. 
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Figure III-5 shows the effect of field and tempera- 
ture on the-electron-mobility in the supercritical fluid. 
An increase in temperature leads to an increase in the low 
field mobility, and to a decrease in the threshold field. 
A reversal in the direction of the field effect also 
occurs. Unlike the liquid phase, high electric field 
strengths lead to an increase of the mobility. The low 
field mobility is an order of meet coda cee than in the 
liquid phase. The threshold field is also larger than.in 


2] molecycm: 


the nearest liquid phase density (8.26 x 10 
in Figure III-1). The solid symbols in Figure III-5 repre- 
sent results obtained in liquid type conductance cells 
meiqure I1-4). | The stick symbols represent results 
obtained using gas type cells. 
In Figure III-6, the density decreases from that of 

the critical fluid. The decrease of density increases 
the low field mobility and decreases the threshold field. 
The same tendencies are observable in Figure®1lIt-7% 

The effect of increasing the temperature at n = 3.09 x 


- molec/cm> is shnown-in Figure JLl-6.eiA lower tem- 


10 
perature at the same density is given in Figure III-/7. 
The temperature increase raises the mobility at all field 
Strengths, but to a lesser extent at the higher fields. 


The different mobility curves approach each other as the 


field strength increases. 
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The effect of a further decrease in density is shown 
moerigure 111-9. The low field mobility increases by al= 
most the inverse ratio of the density change. Variation 
mimene Size;of the threshold fields is slight. The same 
trends can be seen in Figure III-10, where the temperature 


2] molec/cm®> is shown. At high 


capect at nj= 1.5 x 10 
fields, the mobility curves approach each other. 

Figure III-11 shows a difference of density of an 
order of magnitude from that of Figure III-7. While the 
low field mobilities increase roughly as the inverse ratio 
of the densities, the threshold field varies by less than 
a factor of 2. The effect of temperature at n = 6.57 x 1079 
molec/cm> is shown in Figure Biles, As for Figure III- 
8 and III-10, the mobility differences at the various tem- 
peratures decrease as the field strength increases. 
Warjation. of the threshold. field.is slight (about 15%). 
Further decreases in density lead to a further increase 
in low field mobility and little variation in threshold 
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mrerd (Figure IJ1-13).. At.1.58 x 10 molec/cm>, measure- 


ments extend to a high enough field to observe a bending of 


the mobility curve. Temperature increase at (Figure III-14) at 


a molec/cm™ clearly shows the merging of 


io.co X 10 
the mobility curves at high field strengths. The tempera- 
mre increase leads again to an increase of the low field 
mobilities and little variation in the threshold fields. 
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Increases in temperature at n = 7.13 x 10 molec/cm 
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leads to the same effects (Figure III-15). Variation of 
densities in Figures III-16 and III-17 leads to the same 


increase in low field mobilities and fairly constant 


Mreesholdifields: hte nis-te99 x 10°? and n = 3.57 x tole 


modec/cm™ measurements could not be made at the lower 


fields to fix the low field mobility. 


a molec/cm> at 185K 


5 


Except tor the curves 3.09 x 10 
(Figure III-7) and 6.57 x 10°? molec/cm~ at 153K and those 
specified as being at a constant density which were at 
temperatures above the co-existence curve, all] the results 
were measured along the co-existence curve. 

For all the gas phase results except those in Figures 
III-15 and III-16, gas type high pressure conductance 
cells were used (Figure II-5). The electrode separations 
were about 0.32 cm. For the measurements in Figures III- 
15 and III-16, a low pressure gas type conductance cell 
was used. The electrode separation was 1.00 cm. This 
allowed the measurement of more low voltage points and a 
better determination of low field mobility at the low 
densities. 

A summary of the low field mobilities and the thres- 


hold voltages at the different temperatures and densities 


appears in Table III-1. 
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TABLE III-1 


Summary of Methane Results® 
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TABLE III-1 (continued 


117 0.0991 2030 2.01 12 0.27 


@ The numbers appear in this table in the same order of appearance as 
the figures. The results for Figure III-1] appear first, followed by 
III-2 and so forth, on to Figure III-17. 
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Electron mobilities plotted as functions of the 
density normalized electric field strength, E/n appear 


memmeroures 1 bl-le. to sil-27. Figures J1I=18 and’ T1119 


do not show any field effect in the liquid phase. However, 


this is because the field strengths used were insufficient 


to show the transition. Previous workers (119) show that 
erabout. 1 x hoe Veciera positive dependence Of etic 
mobility on the field strength occurs over the range of 
Bemperatures of 111K to 216K. Further, at ‘294K, a nega- 
tive dependence occurs at 8000 V/cm (129). These field 
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mermengths correspond to E/n = 9.x 10 V cm/molec at 


sae V poumalee at..204K. 9 VarWationcos 


mook and 1.1 x 10 
the temperature and density along the coexistence curve 
towards the critical point increases the low field 
Mobility smoothly fromrabout 0.08 at 148K to 54 at the 
Sertical point. 

However, a small maximum is attained at 304K just 
Below the critical point.. In terms of density, this cor- 


(ee 


3 
Besponds to a variation from 1.18 x 10 molec/cm~ at 


a MOTeCT en” at “the critical pointe are 


task to 4.06 x, 10 
for these two figures were obtained using a liquid type 
magnepressire conductance cell. In-Figure II1-20 
measurements are shown for the gas phase near the critica 


point. Gas type high pressure conductance cells were 


used. The accessible field strength range has been 
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extended by an order of magnitude, and the negative 
mobility dependence on the field strength is seen to hold 


mueene Gas near the critical point, though the threshold 
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mieid of 3.5 x10 ~ ¥ cm*/molec is considerably larger 


Baanethat in the liquid at 294K (129). 

Figure III-20 also shows the effect of temperature 
mmagas Of the critical density. While the low-field 
mobility increases, the threshold Field decrenseet At 
higher field strengths, the three mobility curves merge. 

As the density decreases from that of the critical 
Hruid, the mobility and the threshold field both increase. 


Zt 


Ar 1.90 x 10 molec/cm> (296K), the threshold field 


could not be observed. This is in agreement to the data 
sown in Figure IPTI-21. No clear field effect appears 


in the mobility curves for densities between 1.36 x 10°! 
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wore. 02 X 102 felecvent. The mobility increases as 


the density decreases... Increasing the temperature at 


] 


Za02 xX 102 molec/cem® alsotleads to “an intrease an the 


mobility. When the density in the coexistence gas 
decreases down to 1.02 x 10°! motec/scne. (Figure I1ll-=22)3 
a field effect reappears. However, the mobility now 


iereases at E/n > (E/n),. oshold rather than) decrens= 


migeas in the denser fluid. It is possible that the 


mereve Tor 1336 x 10! eee ens ine Facure,lid<? lias 


already increasing slightly, though the increase is 


well within the scatter of the points. As the tempera- 
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FIGURE ITI-22 Electron mobilities as functions of 
E/n in gaseous ethane n = 1.02 x to" 
molec/cm>. Temperatures: ()(309K), 
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ture increases at 1.02 x 107! molec/cm> 


» the threshold 
field decreases, the low field mobility increases, and 
the increase of the mobility at the higher fields becomes 
more pronounced. 

Figures III-23 and III-24 show the effect of 
further decreases in the density of the coexistence curve 
gas. The threshold field decreases slightly though the 
low field mobility is increasing roughly in inverse 
proportion to the density change. At densities lower 
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man 5.31 x 10 molec/cm>, the mobility curves begin 


to round off at the high field strengths. Figure III-25 
Shows the effect of temperature at 5.31 x 1079 molec/cm> 
The low field mobility increases as the temperature 
increases. The threshold field also appears to increase 
Slightly. The mobility curves merge at high fields. 

When the density decreases down to 6.77 x Ne 
molec/cm®, the complete mobility maximum can be seen 
(Figures 111-26, II1-27). 

As the field strength increases from the low 
field region, the mobility stays constant up to 
Pte 2.5 x 107)? V cm¢/molec. At higher fields, the 
mobility increases until a maximum is attained at E/n ~ 
4.5 x 10°'8 y cm“/molec. Further increases in field 
strength lead to a monotonic decrease in the mobility. 
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FIGURE III-27 Electron mobilities as functions of E/n 
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features as the curve for n = 6.77 x 10°! molec/cm>. 

Heating the gas at n = 6.77 x 102! molec/em> 
(Figure III-27) does not vary the mobility at the mobility 
maximum or at higher values of E/n. In the low field 
region, the mobility increases with the temperature. 
However, the threshold fields also increase. From the 
scatter of the points, the possibility exists that the 
mobility curves for the gases above the coexistence 
curves do not increase until they intersect the hump of 
the mobility curve of the coexistence gas of that 
density. 

As previously mentioned, data for Figures III-20 
to III-25 were obtained in high pressure gas type con- 
merance cells. The data for Figures III-26 and I]1-27 
were obtained using a low pressure gas type conductance 
cell. Data for the ethane figures are summarized in 
Mabie Ill-2. Data for 148K, 188K, 224K, and 241K in the 
liquid phase were obtained by the conductance method des- 
cribed in Chapter II. All other data were obtained by 
the time of flight measurement. 

Electron mobility data for ethane are summarized 


in Table III-2. 
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TABLE III-2 


Summary of Ethane Results® 


Hg Hon (E/N) threshold b 
ae sine bes p78 Vem? uae 
Vs Vs cm sree dlogE/n 

0.0779 0.00752 

0.69 0.0919 

1.84 0.186 

3.03 0.290 

14.9 “19 

3701 2.49 

56.2 a2 

53.6 2.18 

57.1 ae. 

67.6 2.74 
134 2.55 
81.6 2.01 45 

54.1 2.20 35 -0.264 
BBG 2.26 29 one?” 
59.7 2.42 19 -0.22 
22] 3.01 ~ - 
188 2.82 - - 
168 DoT? - - 
120 2.44 - = 
134 a7) - = 
148 2.99 - 7 
354 3.61 3.7 0.12 
335 3.42 4.5 0.10 
Say) eee 4.5 0.098 
307 3.13 9.0 0.095 
312 ae02 3.0 ons 
337 3.06 3.8 0.14 
522 2.98 2.6 0.13 
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TABLE III-2 (continued 


eo 0253) «659 S200 aes 0.14 
251 0.485 707 3.43 ane 0.11 
Boor egdest0 . 99] Ses ae | 0.14 
e259 0.531 ,. 822 4.36 3.5 0.070 
me 9.53) 822 4.36 sao 0.070 
296 Jeoot (778 4.13 Lat 0.092 
peo  OL5381or 722 3.83 2.4 0.11 
B97, 02531 ~=—«687 3.00 eae 0.14 
#55, 0.531 661 3.5 (a O215 
197. =+0.0677 4600 Soult 2.0 0.16 
93 40.062] 5100 ole 2.4 0.16 
326 0.0677 6300 4.2] 15 plus 
294 0.0677 5800 Se Gor. o-0 plus 
221 0.0677 5000 3.30 4.1 0.20 
203 0.0677 4700 cP ks) 2.4 0.20 


2 Results appear in the order of appearance in the preceding figures 


> Estimated at E/n = 4(E/n),, ccporq: Positive if the mobilities 


increase at the threshold; negative, if decreases 
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o% Propane 

Electron mobilities in propane plotted against the 
density normalized electric field strength E/n are given 
maerigures IiI-28 to 1J1-34. Units for the mobilities 
are in Pair Ve). the densities molec/cm>, and the density 
normalized field strengths, Wen (modeck 

Droure-Iii-28.shows the*mobilities in liquid propane 


al io 6.00 0 10> one 


in the density range of 8.96 x 10 
field dependence appears. A previous work (120) shows that 
the mobility should have a positive dependence on the 

mimeed strength at —E +1 x 10° V/cm. This corresponds, at 
Bo5k to E/n > 1 x 107. Vervation of the mobilaty as 

the liquid is heated along the coexistence curve up to 
eyemsupercritical ¢luid.is-given in Figure I1I-29. Decreas- 
ing the density increases the mobility. No clear field 
effect can be observed. The mobility increases with 
temperature in the supercritical fluid. 

Mobtiaties in the supercritical fluidwandyunithe 
Peexistence gas at a density just below the.critical 
density are shown in Figure I11-30.. High fields same Seen 
to decrease the mobility in the supercritical fluid. 
Increasing the temperature decreases the threshold field 
ee, Fi oie mobility decreasesy) At ne=52,45eeRI0> 
the field effect can no longer be seen. Figure LPs 


indicates that the reason for the disappearance is that 


Pie) field attained was just too low. Data for n between 
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FIGURE III-28 Electron mobilities ae in liguid propane 
plotted against the density normalized electric 
Densities and temperatures 
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mrGuReE Tii-29 Electron mobilities Hy in liquid and 
Supercritical propane plotted against the density 
normalized electric field strength E/n. Densities 
and. temperature (n/10°!, 3): O-(5.57 340K). Y (4.99, 
Boek MMe? 5, COOK) s= Oxspo4d, 370K). Atso00, 
Boe 00% 373K) 5 4° (3200, 383K). 
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FIGURE III-30 Electron mobilities in gaseous propane 
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and 5.935. x 1-0 Show that the threshold fields 


have shifted to E/n > ‘ome The mobility varies inversely 


as the density. The two curves for n = 1.50 x 10°! show 


mo0 x «610 


that the mobility at constant n is increasing with tem- 


2] 


perature. Both curves for n= 1.5 x 10 are off the co- 


existence curve. 
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migure | Wi-3szZe shows that at ne=7.50 x 10 the same 


trends exist. The increasing temperature also increases 


the low field mobility though the threshold field does not 


20 


Poevemuch. At n = 4.50 x 10 though, the field effect 


cannot be seen against the scatter of the data. 


Figure III-33 shows that the disappearance of the 


Giedd effect at n = 4.50 x 10°° 


mgint.+ For n = 3.41 x 10°2, the threshold field has 


may represent a turning 


decreased by an order of magnitude, and the sign of the 

field effect has inverted. Common features to the other 

figures include the inverse dependence of the mobility 

On the density, and the monotonic increase of the mobility 

with temperature at constant density. For n = 3.41 x 1Ose. 

the three mobility curves merge together at high fields. 
Finally, Figure III1-34 gives data for more dilute 


gases. The features are similar to those in Fiqune: vii-ao- 


me n= 6.69 x re heating the gas above the coexistence 


curve not only increases the mobility, but increases the 
threshold field. The mobility curves at the higher tem- 


peratures merge into those of the lower temperatures. The 
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mobility maximum at E/n ~ 8 x 1907/8 agrees quite well with 


those of the higher densities (Figure III-33). 

Measurements for Figure III-28 and III-29 were done 
in a liquid type high pressure conductance cell. All other 
measurements were done in gas type conductance cells. A 
low pressure cell was used for the data in Figure III-34. 
All other gas results were obtained in a high pressure cell. 
Data for propane are summarized in Tab resi teoe Data for 
the liquid phase at 276K and lower temperatures were 
obtained by the electron conductance method described in 
Chapter II. All other results were obtained by time of 


flight measurements. 
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21 molec 
eS 


cm 


6.00 
6135 
6176 
7.18 
7.59 
7.73 
8.05 
8.48 
8.96 
Ay 
4.99 
4.17 
3.54 
3.00° 
3.00° 
3.007 
2.45 
3.007 
3.007 
3.004 
0.593 
Tete 
1.39 
1.50 
1.50 
0.450 
0.750 
0.750 


TABLE III-3 


Summary of Propane Results® 
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appearance of results in this table is the same as in the 


b Estimated at E/n ~ 4(E/n) 


threshold 


© Results were not obtained at high enough fields in the liquid phase 


to allow calculation of these quantities. 
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Electron mobilities in n-butane are plotted against 


Pemcensity normalized electric field strength E/n in 


mrgures T11-35 to I11-45. The densities are in units of 


Relec/cm>, ineemopmetties:s ih units of cm°/Vs. and the norm- 


meazed 11eld strengths, in units of Voni“vmolees 

Data for the liquid phase appear in Figures pire 36 
moeill=36.' No field effect is observed. .The mobility 
increases monotonically as the density decreases. Data 
for 356K and below were obtained by the electron conduct- 
ance method described in Chapter II. All other liquid 
phase and all the gas phase results were obtained by the 
time of flight method. As the temperature increases in 
ene supercritical fluid (Figure III-38), the mobility 
continues to increase. 

More data in the supercritical fluid appear in 
mmure 111-39. No field effect is observed for fields 
mpeto E/n = 1 x 107". As the density decreases from the 
Seatical density, the low field mobility increases... At 
i= 9.74% Tee So xX ie. andi 32k el SUfT Prenem 
field strength is attained to observe a decrease in 


17 


Seeaiityes the threshold field is E/n 4 x 10 forza! 


three densities. 
2 1 


The temperature effect on the n = Lele Sane gas 
is shown in Figure III-40. The threshold field remains 
roughly constant. The low field mobility, however, in- 


Creases with the temperature. The four mobility curves 
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FIGURE III-38 Electron mobilities in liquid and 
Supercritical n-butane as functions of E/n. 
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merge together at high fields. Similar effects are observed 


moron = 5.99 x 1029 


(Figure III-41). A difference is that 
there appears to be a slight decrease in the threshold field 
as the temperature increases. This decrease may be due to 
the Scatter /in the data. 

Figure III-41 shows the result of further decrease 
in the density as well as the temperature eUhectui Or fee 


meaoe xX Toe ee Variation of density from 2.42 x 10°? co 


mes x 10°° 


does not vary the threshold field to any notice- 
able extent though the low field mobility is varying in- 
versely with the density. The high fields bring the curves 
closer together. The temperature effect at n = 2.42 x aes 
is the same as those previously noted. No effect on the 
threshold field is observed. Varying the temperature from 
SS0K to 458K only causes a’ slight increase of less than 
mee A Single curve is drawn on Figure II1-42 to include 
both temperatures. 

Figures III-43 and III-44 give results in the di- 
Mite gases. No ‘field effect, can be clearly seen for 


es, 13 13 


f= 6.09 x 10 ar hhh PO) bor gee6ux-10 in Figure 


III-43, comparison with the temperature effects on n 
m0. X ie leads to an estimate of threshold at E/n ~ 
lg Figure III-44 shows that variation of the tempera- 
ture has little effect on the mobility. Single curves 
were drawn for 308K and 312K, 333K and 370K, and a 


Separate curve drawn for 424K. The threshold field appears 
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to be about 9 x Tope) 


A summary of the electron mobility data for n-butane 
mopears in Table .I11-4. For T > 298K, a high pressure 
liquid type conductance cell was used. For T < 298K, a low 
pressure liquid type conductance cell was used. All gas 
phase results except data for Figures III-43 and III-44 
were obtained in high pressure gas type condauerenee Celis. 
Data of Figures III-43 and III-44 were obeannad in low 


pressure gas type conductance cells. 
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TABLE III-4 


— 


n 
Ho 


10°2 molec 
Vscm 


~00595 
00187 
. 00108 
. 184 
.0760 
0141 
. 260 
49] 
04 


85 
12 


wie 
-40 
02 
21 


19 


207 
06 


Summary of Results for n-Butane® 


(E/n threshold 


10 


-18 Vcm2 


molec 


10 

10 

10 
Bat 
8:5 
8.6 
8.4 

11 

(continued 


oes. 


bac 


dlogu 
dlogE/n 


minus 
-0.48 
-0.49 
-0.20 
-0.21 
-0.24 
-0.28 
-0.27 


407 
43] 

444 
SEE 
359 
367 
430 
458 
296 
300 
304 
308 
Bic 
333 
370 


424 


er 12) eS S11 eo) SIS Ss SS OS) OS S&S] &] ES 


ae hs) 
TaN), 
099 
. 164 
242 
~242 
242 
242 
. 0609 
0684 


0756 


.0756 
.0756 
.0756 
.0756 


.0756 


a : 
Order of appearance as in figures. 


b Estimated at 4(E/n) 
mobility decreases at E/n > (E/n) 


d 


ec eo Xe10,. ib = 425K. 


threshold’ 
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threshold’ 
« Field strengths attained were too low to allow observation of 


these effects in liquid phase n-butane. 
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5. Isobutane (2-methylpropane) 


—_—_——— errr 


Electron mobilities as functions of the density- 


normalized electric field strength E/n are shown in Figures 
3 


> 


mies to 111-532 Densities are in units of molec/cm 
Booval ities in. units, of cm-/Vs, and the normalized field 
Serengths in units .of Vem*/molec. 

Data obtained in the liquid phase are shown in 
Figures III-45, II1-46 and III-47. Between the density 


zh POs 07 X 10°! the mobility increases 


mange of 7.69 x 10 
as the density decreases.(Figure III-46). As the density 
decreases towards the critical point, a mobility maximum 
memreached (Figure 111-47) at n = 2.92 x Woes followed 

by a decrease in mobility (Figure III-48) as the liquid 
meeroaches the critical point. In the critical fluid, the 
mobility increases as the temperature increases (Figure 
mer-a48-and 111-49). “No field effect is observed either 
moeethe liquid or for the critical fluid at E/n up to about 


7 a, 
Sa ee 


Poomtne Lig idas and up. CO- Ey Mie wceguD 
mor the supercritical gap. 

| Figures III-48 and III-49 show the mobility in the 
miomity of the critical point as well as the temperature 
Perfect on the n = 2.30 x hot and “tie n= Tata Lone 
isochores. The mobility increases as the density of the 
gas decreases along the coexistence curve. As the tem- 


perature is raised along an isochore, the mobility 


increases as well. A field effect cannot be distinctly 
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FIGURE III-45. Electron mobilities re plotted against 


the density normalized electric field strength 


E/n in liquid isobutane. Densities and tempera- 


Pires ths 1bclks 74. G(Fe69h4 140K) © GX7iSo Sasa), 


DNTP 6 VT SKH) St te C-7. 17 218 Ke) Ys 6297847 Cae 


RAG. ao. soy. f (G.07, See 


gn) 
3 
‘ + 


= 
‘ 


ti 


a ts 


oases 
2- 


PURE weS S| kk mow 4 > wh pine en 
Ba i eee ‘ 
od 4 


(safom\ may yOAs 


ai 


sinus badtoke 4 aoht p@egh tors pss (SRS ee ae 


x 


Nga DIST? Tae pat Reioda vei oneb SE 

Sts 29 ayer. aneiodast) binipte Af ANG)? So 
apo . UM elie’ | 0 ka) aan 
(Hd PS Ee iN Fs) 


(HOTS, SEO Be RPES,, SRT Mie 


u_(cm2/Vs) 


SIGURE lil246e8. Ehectron mobilities 


bbs: 


09 GO no 8 
A ah... A = 


+ 4 — $$ — $$ — 5 + — 


ee Se ee Y¥—,y — 
X —— x — X—x —-% — x— X -x Ce —— 
x x<— A hy ee ek ok x xX— 


— $+, ¢ — ttt gt tty 
K—-x- pak alk RoR eee ee — 


SIS eae, < a EZzz 
a z ae ha it ee 


E/n(Vcm¢/molec) 


in liquid isobutane 


as functions of E/n. Densities and temperatures 


eG) thea, 298K). % (baa o nee 
¥ (5.005 947K), so (eoem aso. 
(4.26, 382K), A (3.92, 392K), 


(n/10 
4 (5.28, 330K), 

aA arc ail 1K) + 
mmoseone40eK), b1(2.92, 406.7K)- 


i" 


cae ees hiAL pre &t alas 


ok biept bont 2900 Trem: Det oRtS. ae 


ye OR by. Le ae Hanes 08 Ae 


ay ee ° 
i ae me 


= 


i 


a ae 


C 
, 


if i" ui 


(3a fonX Sei iaNa ! 


ri 


Pa 


iid sa 


aT 


VPP 


siete: Wirig 2 DER, e\Si. che enprsonut, 2e¢ A 


72 = 


rygce oak a) Ry Glee) 2 ee as eee lt 


Lee 
? 
- 
~ 
- 


ae eee 


164. 


we (em@/Vs) 


19 18 fon 


E/n(Vcem2/molec) 


FIGURE III-47. Electron mobilities in liquid and super- 


isoputanesast TUNCtIONS Of “E/nl  Lensaitwes 


and Hemperatures (n/T0-|, T): + (2/80,0407 4K). 
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seen for the n = 2.30 x 102! isochore (Figure III-48). No 


meena effect stands out for’ the n = 1.62x 10! 


Mempignitteld end ofthe n = 1.11-x 10°) curve appears to 


2] 


curve either. 


Bemariiting upwards. Comparison with the n-= 1.15 x 10 
curves (Figure III-49) would indicate that the upward 
Meeeeonethe n= 1.119% V0"! curve can Be taken as a real 
Tield effect. In Figure III-49, the'density. and tempera- 
ture effects are the same as those ipo the previous 
figure. The field effect is more pronounced. The second 
curve from the top was drawn through the points for both 
415K of the isochore and 391K of the coexistence curve, 
since the Wy S$ “ae the two curves are within the experi- 
mental scatter. 

inv Faguressl11=50, the density tsehalf of tnateam 
Figure III-49. The field effect is clear enough to show 
a rounding of the mobility curve. Raising the temperature 
increases the mobility at low fields more than at the 
mgmer fields. The mobility curves of the higher tem- 
peratures approach the curve near the coexistence state 
on a flat trajectory that increases only slightly as they 
go over the mobility maximum. 

The same tendencies are shown in the more dilute 
gases. Figure III-51 shows that the amount of increase 
in the maximum is more in the more dilute gas. Variation 
of the mobility with density is as previously noted. 


Figure III-52 shows the temperature effect on the 
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Se ac. 09 X10 
excess crowding, the line for 398K on the 2.59 x Hise iso- 
chore was not drawn. The temperature effect on these 
constant density curves is the same as noted for Figure 
III-50. As can be seen from the upper curves, the flat 
trajectory of the low field mobilities seems to increase 
Slightly before intersecting the lower temperature curve. 
Figure III-53 gives results along the Liem atenee curve. 
The features of the curves are as previously noted. As 
well, the density effect where the mobility varies inver- 
sely to the density is the same. The threshold field does 
not vary much with density. 

Data for isobutane are summarized in Table III-5. 
Bepivities for T < 270K were measured in a low pressure 
liquid type conductance cell. For T < 214K, the conduct- 
ance method was used. High pressure liquid type conduct- 
ance cells were used to collect the liquid phase data 
(Figures III-45, III-46, and III-47). Low pressure gas 
type conductance cells were used to collect the data 
where n < 6 x 10!9 in Figures III-51 and III-52. All 


other gas phase results were obtained using high pressure 


gas type conductance cells. 
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TABLE III-5 


Summary of Results for Isobutane® 


"o ao" (E/T) threshold) 
ices ap 9718 Ven® _dlogu 
Vs Vs cm molec dlogE/n 

0.0486 0.0373 

0.208 0.155 

0.581 0.108 

0.868 0.408 

2.14 1.44 

3.84 2.47 

5.31 3.22 

7.22 4.14 

8.77 4.77 
10.5 5.53 
ee 7.01 
17.5 8.39 
21.4 9.71 
nS 12.3 
36.4 14.3 
42.5 13.9 
44.3 13.0 
41.6 11.6 : 
31.8 73] - 2 
38.5 8.86 : : 
45.3 10.4 - : 
34.2 7.87 - - 
40.3 9.27 - = 
43.4 9,98 - : 
36.1 5.79 - : 
50.1 5.56 3 0.082 
51.4 5.91 2.0 0.083 
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TABLE III-5 (continued) 


405 11.5 53.6 6.16 by 0.077 
415 11.5 60 6.90 1.6 0.075 
425 11.5 67.2 Teds 1.4 0.056 
391 Ba22 60 5.53 1.6 0.077 
377 oT 107 6.32 pate 0.11 
388 Bau ri U7 6.9] 38 0.090 
409 fade 132 7.80 4.8 0.062 
430 5.91 140 8.27 B32 0.054 
297 0.922 617 5.69 2.6 0.21 
352 B863<¢ e167 6.06 3.5 0.11 
371 5.65 105 5.93 3.5 0.12 
430 2.59 296 7.67 3.0 0.16 
398 2.59 278 7.20 2.8 0.15 
365 2.59 276 7.15 2.8 0.15 
435 0.591 1390 8.21 eo 0.077 
364 0.591 1250 7.39 2.4 0.15 
295 0.591 1050 6.21 2.1 0.20 
282 0.591 1020 6.02 2p 0.21 
276 0.487 1220 5.94 2.0 0.21 
270 0.399 1450 5.79 220 0.21 
340 2.59 289 6.30 3.0 0.20 
330 2.38 250 6.47 3.0 0.21 


* Order of appearance of data as in figures. 


b : 
Estimated at 4(E/Nn)4) ochold 


Insufficient field strength to determine these quantities in 


liquid phase isobutane. 
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Bi. Ethene 

Electron mobilities determined in ethene are plotted 
as functions of the density normalized electric field 
Seeenoen E/n im, Figures “111-54 to II1-58. Units of n are 
molec/cm>, mobilities, cm°/Vs and. B/q1, Vem*/molec. 

Figure III-54 gives liquid phase and supercritical 
mesuits. The lowest three curves, which represent from 
the lowest curve upwards, 225K, 235K, 266K, were determined 
by the electron conductance transient method. All other 
ernene results were obtained by the time of flight method. 
There is no maximum of the electron mobility at a density 
Meeavrer than that of the critical fluid. The mobility 
increases smoothly as the liquid density decreases. 
wanidtion of the temperature by 1°K at the critical point 
does not Were e aly change the mobility. Variation of 
the temperature to 1.3°K below the critical temperature 
Meereases the mobility by almost 50% (22.3 at 283K to 12.0 
Biceec ol. 7K). 

Figure III-55 displays results at densities below 
Miateof the critical point. Variation of mobility with 
density is as observed in the previous systems. A de- 
crease in density leads to an increase in mobility. The 
fechest curve (n = 2.19 x roo} displays a threshold oF 
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the density normalized electric field strength E/n 
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FIGURE IITI-55. Electron mobilities He plotted against 


the density normalized electric field strength 


E/n in gaseous ethene. Densities and temperatures 
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fara cecrease in’ the’mobility. 

Figure III-56 shows mobilities at still lower 
densities as well as the temperature effect on the n = 
1.64 x 10°! wsochore. “Variation of densityashifts the 
mobility curves as before. Variation of temperature leads 
to very slight variations of the mobilities. The two 
lower curves are drawn through the 294K and the 268K 
points and represent a difference of 8%. The threshold 
fields are about constant. 

Figure III-57 gives results after a further decrease 
in density. Decreasing the density leads to an increase of 
the mobility approximately in proportion. The lowest 
Curves are drawn through the 296K, 254K and 245K mobility 


20 isochore. The difference 


eurves of the n = 7.95 x 10 
between the Hy Ss of the three curves, obtained by an 
arithmetic average of the low field mobilities, differ by 
less than 5%. This is within the experimental scatter of 
the points. 

The last figure of this set, Figure III-58, shows 
that the mobility continues to increase with decreasing 
density. The field strengths attained were insufficient 
Mion the field effect. At n= 1.89 x 10°° the 296K, 
236K, 207K, and 203K superimpose. 

All measurements were made in high pressure con- 


ductance cells. Results in Figure II1-54 were made in a 


liquid type cell. All other sets were made in gas type 
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11s. Data from Figures III-54 to III-58 are summarized 
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summary of Results for Ethene® 
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TABLE III-6 (continued) 


296 0.186 1710 Sy ae) - S 
166 0.0376 7940 rape he - = 


@ Order of appearance of data as in figures 


bee, « 
Estimated at E/n = LEM ay ceehnid 


© Insufficient field strength in liquid or dense gas near the 
critical point for determination. 
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Z Propene 

Data obtained in propene are displayed in Figures 
feos tO I1l-66. Densities are in units of molec/cm’, 
mobilities, of ome sve. and density normalized electric 
Fyelds, of Vem? /molec. muCtseane) all of mobmiemerese Ua 
shown against the density normalized electric field 
Serengtn —/n. 

Liquid phase results are given in Figures III-59 
ama iil-60. The second and third sets from the top in 
Figures III-59 are both at 296K. The higher points were 
obtained by the time of flight method. The lower points 
were obtained by the conductance method. The difference 
meomress than 20%. The curves for 231K and 255K were also 
determined by the conductance method. All other propene 
results were obtained by the time of flight method. The 
Highest three curves in Figure III-60 are for the super- 

feamical gas. Throughout the liquid range, decreasing 
“the density by increasing the temperature leads to an 
increase in the mobility. 

Figure III-61 shows mobilities in gaseous propene 
Bemcensities near the critical point. From Figures I1]- 
60 and III-61, increasing the temperature at the critical 
Point increases the mobility. Decreasing the density 
away from the critical density increases the mobility. No 


Field effect is observed over the field range covered. 
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miaunme 111-61. Electron mobilities in supercritical and 
gas phase propene as functions of E/n. Densities 


and temperatures (n/10¢', T): O (3.32, 368K), 
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ivemtemperature effect on the h = 2.66 % 102! iso- 
chore is shown in Figure III-62. No field effect is obser- 
ved at this density. Increasing the temperature leads to 
Sieinerease in the mobility. 


When the density decreases a bit more to the n = 


20 


Bec ouix | 10 isochore, a field effect is observed (Figure 


III-63). Upon exceeding CEN) i neenoie the mobility in- 
ereases With further increase in electric: field, and 


gl Vemormoleer Increas- 


reaches a maximum at E/n x= 3 x 10 
ing the temperature increases the mobilities, but the 


Perect on (£/n) ia sine, 


threshold 
The same field effect carries over when the density 

Heeturther reduced by a factor of about 2 (Figure III-64). 

As observed in the other systems, the mobilities increase 


20 


with decrease in density. On the 4.15 x 10 isochore, 


the increase in temperature leads to an increase in low 
field mobility, and little change in the threshold field. 
‘Unlike Figure III-63, the temperature also has little 
mirect on the mobilities-at higher fields. “As a result, 
the four different curves are seen to merge. 

Mireetast two figures give results for the 


be ol xX 1019 isochore as well as two curves at lower 


densities on the coexistence curve. The trends on the 


isochore are as noted for Figure II1-64. The higher 


fields attained in this case allow a better picture of 


the mobility maximum. Figure III-66 shows that further 
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decreases in density lead to further increases in mobil- 
ity. The lowest two densities do not clearly show the 
position of the maximum. The electric field strength 
position of the mobility maximum does not clearly change 
with the variation in temperature. 

Electron mobility data for propene are summarized 
im table III-7. All cells used except for the data of 
Figures III-65 and III-66 were the high pressure conduct- 
myity cells. Data of Figures III-59 and III-60 were 
obtained with liquid type cells. All other results were 
obtained with gas type cells. Data of Figures III-65 


and III-66 were obtained with low pressure gas type cells. 
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TABLE III-7 


Summary of Results for Propene® 


n Yo sors (E/N) threshold 
cx 1927 molec cm” 1922 Molec 49°18 Vem? ~—_dloau 
cm VS Vscm molec dlogE/n 
318 ae 0.006 0.00608 
296 + Be 0.0349 0.0256 
255 8.27 0.39 0.323 
231 8.66 0.927 0.803 
350 5.44 3.45 1.15 
Bofio 3.86 7.21 2.39 
Ferns, 32° 8.42 2.80 
as, 4 3.32" 9.09 3.02 
370 Bee. 9.73 3.23 
368 as 7.92 2.63 
peo 3.32" 7.47 2.48 
364 2.86 9.38 2.68 
362 2.26 14.8 3.34 
358 top 22.8 ay C 
362 fee6 23.5 3.90 
366 1.66 24.4 4.05 
368 mes 24.9 4.13 
333 0.823 55.8 4.59 75 0.15 
349 0.823 60.5 4.98 ae 0.13 
368 0.823 pies 5.04 6.8 Tee 
389 0.823 62.2 5.12 BAD 0.13 
296 0.337 156 5.27 6.7 0.16 
305 0.415 121 5.00 ey 0.18 
318 0.415 130 5.39 72 0.13 
357 0.415 137 5.69 7.2 0.11 
382 0.415 138 ane 72 0.11 
393 0.0661 946 6.25 4.7 0.064 

(continued....... ) 
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TABLE III-7 (continued 


395 0.0661 928 6.13 4.7 0.084 
294 0.0661 865 STA? 4.5 0.14 
252 0.0661 808 5.34 4.5 0.17 
247 0.0661 808 95.34 4.7 0.14 
241 0.0601 912 5.48 ope) 0.15 
231 0.046] 1160 soo 4.4 O515 


2 Data appears in the same order as in the figures 


b Estimated at E/n = 4(E/n) 


increase at E/n > (E/n) 


Sree nnd Positive value if mobilities 


threshold? and negative if mobilities 


decrease 


May be slight increase at highest fields, but can not determine 


against the scatter. 
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oe Cyclopropane 


Electron mobilities obtained in cyclopropane appear 
Mmiigures 111-67 to [11-7 , Densities are in molec/em>. 
mobilities Hu, are Nw S) Or cm?/Vs and the density 
hormalized electric field strengths E/n, are in units of 
Vem*smolec. 

Figures III-677 and III-68 show the liquid phase 
results. Data in Figure III-67 were all collected by the 
electron conductance method except the top curve. For 
the top curve, the leftmost three points were obtained by 
the conductance method. The rest of the curve, and the 
rest of the cyclopropane results were obtained by the 
fome oT Tlight method. In the liquid phase, heating the 
liquid along the coexistence curve towards the critical 
point leads to an increase in the electron mobility. 
Figure III-68 shows the mobilities within 5K of the criti- 


21 to 3.58 x 10°!, the mobility 


Peaepoint. From 4.97 x 10 
Changes by a factor of about 2.8 while the density has 
Oriy changed by a factor of 1.4. No variation of the 
‘mobility with field strength was observed. 

Tresnext Figure, 111-69, shows results “in gaseous 
cyclopropane near and at the critical point. The mobilit- 
Mererat S97-CK and at 398.4K are too scattered to display 
a Significant difference. The discrepancy of ~11% between 


the values obtained in the gas type cell and those obtained 


from the liquid type cell may be due to the density gradi- 
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FAoURE—T-1-1-67- Electron mobilities Hg in liquid 
cyclopropane plotted against the density 
normalized electric field strength E/n. 
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FIGURE III-68. Electron mobilities in liquid and 


Supercritical cyclopropane as functions of 
E/n. Densities and temperatures (né10%! 1): 
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FIGURE ITI-69. Electron mobilities in supercritical 


and gaseous cyclopropane as functions of E/n. 
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Piemateune Critical point. As previously noted... decreas- 
ing the density away from the critical density, increases 
the mobility. Figure III-69 also shows the temperature 
Sefrect along the n = 1.64 x 10°" Tsochore. SAnwincrease 
of temperature leads to an increase in mobility. At high 
fields, the curves merge. The threshold field appears 
-to decrease a bit as the temperature increases. 

Figure III-70 gives mobilities measured in cyclo- 
Propane along the. n = 8.74 x 102° isochore and at n = 
8.30 x 10°°. The higher curve is drawn for n = 8.30 x 102°, 
Only a single curve is drawn for the isochore. Maximum 
spread in tie along. ‘the isochore is less "than 57. 

Figure III-71 shows the effect of decreasing the 


20 20 


memsicy from n= 3.51 x 10 to n= 1.76% xe as well 


es the effect of temperature along the n = 3.51 x ine 
Becochnore. Fromiithe left, the 2nd, 3rd, 4th, 6th, 7th, 
and eighth points contain a point from each of the four 
temperatures. The temperature effect is negligible. 
Further decrease of the density continues to increase 
the mobility.The mobility still has a negative field 
dependence.Of the other seven systems studied,ethene 


is the only other gas in which the mobility decreases 


at high fields in the lower density fluids. 


All the cyclopropane data were gathered using 


high pressure conductance cells. Data for Figures III- 


67 and III-68 required liquid type cells, ‘Theo rest or 
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a was collected using gas. type cells. 
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21 molec 
cm 
9.39 
8.62 
7.79 
6.73 
4.97 
Qe 
rere 10! 
eee 4 
BEES. 1) 
3.01 18 
2.65 26 
iba 67 
1.64 62 
1.64 64 
1.64 65 
0.874 192 
0.874 189 
0.874 188 
0.874 183 
0.830 194 
0.351 688 
0.351 688 
0.351 688 
meet! 686 
0.176 1390 


Summary of Results for Cyclopropane® 
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cin (E/N) peeenonds b 
1p20_molec y9-18Vem* —_dllogy 
Vs cm molec dlogE/n 

0.012 

0.0365 

0.0958 

0.314 

1.74 

3.40 

Say 

4.12 

4.0] 

5.56 

6.96 

10.6 9.3 minus 
1025 10 minus 
10.6 1] minus 
Toy 11 minus 
16.8 oon -0.27 
16.5 Saf -0.27 
16.4 Sed -0.27 
16.0 oot -0.27 
16.1 auf -0.28 
24.1 2.4 -0.24 
24.1 2.4 -0.24 
24.1 2.4 -0.24 
24.1 2.4 -0.24 
24.6 Cen -0.25 
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Footnotes to Table III-8 


@ Data appear in the same order as in the figures. 


b Estimated at E/n = LACS AL Renee 


© Too low field strength to allow determination in the liquid 


phase or in the dense gas near the critical point. 
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B. Ion Mobilities 

In this section ion mobilities of the eight compounds 
are plotted against the density normalized field strength 
Earee theoions tare the: slowest charge carriers.uinethe -sys- 
tems and correspond to the positive ions. The exact ident- 
ity of the ions is not known, though they are likely 
polymeric. Each compound is presented in a separate 
subsection. A table summarizing the results is included 
at the end of each subsection. 

ingall thesioneplots; no field effect was found. The 


-18 Bo 10717 


highest field strength used was typically 10 

eno fmoléc. The absence of a field dependence is not 

totally unexpected. Recent work on alkali ion mobility 

in rare gases and in simple molecular gases (e.g. CO,)> 
fi 


@eowell as known ions intthe parent fluid*(e.g. NO, in 


indicate that the field dependence occurs at fields 
-16 


NO.) 


in excess of 10 Vom“/molec. In all these cases, the 
jon mobility increases at (E/n) > CE AB) tite Bnd eee which 
is characteristic of a heating effect (38,171,172). The 
threshold for hydrocarbons is likely intermediate between 
that in the rare gases and that in the polar molecular 
eluids; that is, ~5 x hOWe as 

Throughout this section, the mobilities Hu will be 
Given in Saee the densities n, in molec/cm’, and the 


‘ 2 
density normalized field strengths E/n, in Vem /molec. 


SPAM sdaie 
AP inert. bight: 


=BVe aiid ut <a em 


snzat, oes at 1 
Pag ae 
| Binet ex .* 

“teat anit | eee | ! 
“oe “sn doge 9 

aah 2 ewe FB wi | bhatt Snr q BOF oly tf 
ars He cdots a hs ems 
osnabiayeh Fahy. ole boaaads aa the 

et Rian oni Rear eg eee $neseH - -bstogyi 
(a9 Bee 3 26260! Madura hem, chums: at bee ai 


pity 04 ws ed vodka) ty Amol nivand: 86s 


et. ebaea Seok hie eo ba Fem Sa ndhigg 104 
ui Ga 24, < peda an esnagrant sel: 
CyIN bea The apa lhasd Gee otsatredhy 
" S78 PS eii06 eh Ngee ae the enya it, ore 
on Féeloe add eee aes Wome ae ont nb 

, | Bogs ak cae fend 
ee FEW Ie 4apeb i aon phptacre. ata ee 
bes oN Toi om nt it, dea eee. eta eu Saacnk 


sido nav ot 2 2 le? Peart eee 


200. 


1.) Methane 

Data for methane are contained in Figures III-72 to 
III-77. Measurements were made along the coexistence 
curve in both the liquid and gas phases. Measurements 
were also made of the variation of mobility with temperature 
Meee critical density and in the-dilute gas (122% of the 
emi tical density). | 

Prom rigures TIt-72 and I11-73, ion mottlitiessin 
liquid methane are seen to increase monotonically with 
the density. The low field mobility increases by a factor 
Of 6.1 when the density and temperature are varied near 
the triple point to near the critical point. 

Figure III-74 gives ion mobilities at densities at 
and near the critical point. Increasing the temperature 
weerne critical density leads to an increase in the 
mobility. Decreasing the density along the coexistence 
Curve also leads to an increase in mobility. The mobility 
mae this range increases by a factor of 2.7 while the 
density has decreased by a factor of 3.6. 

Figure III-75 shows the effect of a further decrease 
in density. In this range, the mobility increases in in- 
verse proportion to the density decrease. 

In Figure III-76, the effect of temperature on the 
a3 X te isochore is seen. Increasing the temperature 
along the constant density line leads to an increase in 


the mobility. At the high temperature end of the curve, 
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FIGURE III-74. Ion mobilities in gaseous and suber- 


critical methane as functions of E/n. Densities 


and temveratures (n/10°' molec/cm 
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the mobilities appear to be levelling off. 

In Figure III-77, the effect of a further variation 
of density along the coexistence curve is shown. The 
trends observed in Figure III-75 are continued. The 
mobility varies inversely with the density. 

Measurements of the ion mobilities were all made in 
high pressure conductance cells except data contained in 
Figures III-76 and III-77 for which low pressure cells 
were used. For data in Figures= 111-72 and IPl-/73 trgquia 
type cells were used. For all other data gas type cells 
were used. The results for methane are summarized in 


Table III-9. 
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Order of appearance of data is the same as in the figures 
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Summary of Ion Results for Methane 2 
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Ga Ethane 

Measurements have been made along the liquid-gas co- 
existence curve in both the liquid and the gas phases. 
Measurements were also made of the mobilities as functions 
meevenperature along the critical, n = 4206"x etal iso- 


Sore.and atong the n= 6.77 x 10'9 


isochore. The results 
moleethane are contained in Figures III-78 to I11I-83. 

Data in liquid phase ethane are contained in 
Figures IITI-78 and III-79. A high pressure, liquid type 
conductance cell was used for the measurements. As the 
system moves from the cold liquid towards the critical 
point, the mobility increases. Above the critical point, 
increasing the temperature leads to a further increase in 
mobility. 

Figure III-80 shows the mobilities about the 
Ooltied! region in the gas phase. Once more, the-tempera- 
meee fect on the critical isochore can’ beeseen.== As 
well, moving the system away from the critical region 
along the coexistence curve also leads to an increase in 
the ion mobility in the gas phase. As the system con- 
tinues to move along the coexistence curve (Figure III-81) 
the same trends as observed for the ions in methane (as 
well as the electrons in section III A) hold: the 
mobility increases steadily with the decrease in density. 


Data for the two figures were obtained in high pressure 


~ 


HiQ-- We Shuped ee 


YaeehS 


weap | en ie 


rae 


1-2 
‘ 1 “ 
i 
7 A 
A, 


‘wrt anne ae oueghe deat ah 
eh Fee araT a: aad b. anette ‘on t- 


iuate ate: het i . ot “0 


i iny Bete “uel a oat stead ae . 


d LS 


4 desea oe ale dere ieee 
Laine Liat Gans te 
% 
sn wan gabe sate ak 


th. \y eu. thet errs vagany oat { f 


din (de Uae os euioie bert evuoht 

ad it “Ge bite’ eae sha oe f ele 

ny 24d ie ae a Pp ee baa eda ne ae | 
Janvr ae any at 4 si hilt be ety) wnkvom = 
Nees big Cie sie Males 6inete sag ang 

oR ie 6 ie cnt Se tty, e My thee Ae 1 


aie, 


% 


ie aee ‘eags 5 43 : nota Syom oe 

| AUN EOO la uyieee ‘oma: 

A ie issae Gl eatigeire ddd 26 
oc) a7 Rhee go ea aie yt 


to ote, Rae ED aug adnate 


219, 


"(AL8Z *60°S) OG “(yzPHZ S7G26) 


CAC ied imeas yale page * wo /99 [ow ec 


SolLztsuaq ‘u/z yybuauys PLOL} DLUzxdI9L9a paZiyi ewuou Ay tSuap 


OL/U) Saunzeuadway pue 


These SUOLFIUNS SB OURYIE PLObiy up MW saLabErqoy uoy “SZ-1IIT duno 


(28 [OW /,wo,)u/3 


i101 g 1-0 | 61-0! 


4 
1) 
| 
eS. 
Ht 
(SA/,wo) rn 


i 


t 


- 


‘att 


gs oo 
— 


a 


jr 
| a} 
| 
fi 

te 


be 


— = 


+ 


‘ 


Sts 


ie 


ve 


Gon 


PS ee 


tory 


¢ 


aa 


Hed te a 
Ah. 


Zu. 


"(460€ 90°) O *(N90€ *90°b) O < (S62 ig ayy ee 
: SWS fo TOU! u 

(1 : /2a| [20l/ ) 
SUOL}JOUN} Se BUeUYSa SNOasSeRGh pue pinbi, ut sary 


(29 [Ow /,woq)u/y 


“oly cag ledoeey. 


Sounjeuadway pue salqyisuaqg *u/q yo 


Pysow worl “62-11) 3unol4 


1101 g1 01 61-0! 


se 


Poth get a mere — 
oo : i ws e~Soaie? 


: es e pees 


t 


Cele 


BelvGc= Joo) ao “(ONC “O08 b) VO. (Neo Ott) ye 2 


foe gros OL/U) Saunzeusdwaz pure Baebes SUP a2 Oe SUOTA DUNE 


UZ 
se aueyzya [PILPLUUadNS pue snoaseHh uL SAaLZLLLqow uo] “‘O8-TII 4YNdI4 


(991 0w/,wo4)u/3 
pps | 9, Ul Boe pecieta 
¢ 01 


@ es 
Se oF = © = ae Oe —~ 
ey} in} 
<= 
” 
——_ 


% 


Cree re 
——— / 


way Se 


3 


odie 


3 


a: 


gut 


Ge; 
eg 


~ fr 
, Sy 
ee ee 


< 
wee 


LL: 


a 


T 


CONSE Gan yee Pye SOG 0. ak wr tec, foe 


sao" LT) Os" (99° *9¢7 [FO (1 


"U/Z $0 SUOLZOUNJ Se aUeYIa snoasesh UL Sa 


(98 Low/,woA)u/3 


01 lee ato 


LIELEqow uo] 


02-0! 


pz0l/4) Seunz}edadwa} pue saijisuag 


_ Os 


“1OrF 11 Junats 


0) | 


pei mo )n 


rons 


= i 
Nee Ser 


gas type conductance cells. 

In Figure III-82, the temperature effect on the 
dilute gas is seen. Increasing the temperature from 
203K to 326K leads to a continuous increase in the ion 
mobility. Figure III-83 contains the lowest temperature 
examined along the isochore (197K). Decreasing the 


Mensity: to 6.21 x 107 


gives another increase in mobility. 
Data for these two figures were obtained in low pressure 
gas type conductance cells. 

Results of these figures of the ion mobilities in 


ethane are summarized in Table III-10. 
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TABLE LT1T=10 


Summary of Ion Results for Ethane® 


n oS wn 
; 1029 woTee 1073 cm? 1019 molec 
4 cm~ Vs Vscm 
166 114 0.943 1.08 
242 95.7 2.21 2.11 
281 80.9 3.22 2.60 
224 101 2.08 2.10 
298 BLT 3.91 2.65 
306° 40.6 5.12 2.08 
309? 40.6 5.88 2.39 
308? 40.6 6.22 2.53 
306° 40.6 5.27 2.14 
296 19.0 9.91 1.88 
286 1oa6 14.3 1.94 
276 10.2 18.7 1.91 
272 9.10 20.5 1.87 
256 Sea 31.9 1.82 
326 0.677 478 3.24 
294 0.677 444 3.01 
221 0.677 399 2.70 
203 Ti le 353 2.39 
197 0.677 328 2.22 
193 0.621 360 2.24 


* Order of appearance of data is the same as order of appearance of 


figures. 
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<a Propane 

Measurements have been made in propane in both the 
gas and the liquid phases along the gas-liquid coexistence 
curve, and as functions of temperature for a series of 
densities in the gas phase. Ion mobilities for propane 
ee contained in Figures III-84 to III-93. 

Ion mobilities in liquid propane are shown in 
Figures III-84 and III-85. The measurements were made in 
high pressure liquid type conductance cells. The mobility 
increases smoothly as the system moves from the cold liquid 
towards the critical point. Decreasing the density by a 
factor of 3.0 leads to an. increase of mobility by a factor 
of 12. Unlike the gas, in the liquid phase, a consider- 
able portion of the effect seems related to the change in 
temperature. At the critical region, increasing the tem- 
perature leads to an increase in mobility. 

Figure 111-86 displays mobilities in thepcritical 
region and in the gas phase just below the critical den- 
sity. These results were obtained in high pressure gas 
Pgercel|s as was the data for the remaining portion of 
misesection. The exceptions are Figures IJ1-92 and I17T- 
93 for which low pressure gas type cells were used. The 
two effects, that of density and that of temperature are 
the same as previously noted for methane and for ethane. 

As the system moves away from the critical region 


Brong the coexistence curve, the mobility increases as 
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FIGURE III-84. Ion mobilities kL in liquid and super- 


critical propane plotted against the density 
normalized electric field strength E/n. Den- 
Sities and temperatures (n/to- molec/cm>, ee 
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FIGURE III-85. Ion mobilities in liquid and super- 
critical propane plotted qoaunee the density 
normalized electric field strength E/n. 
Densities and temperatures (n/107! molec/cm>,T): 
fr (6.76, 298K), ~2°(5.575 340K). 80. (4. Ee ook 
Pes 00. 373k). | 
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the density decreases. This is shown by Figures III-86, 
I11-87, 111-89, III-91 and III-93. When the system moves 
Brom the critical region (Figure II1-86)°to T = 360K 
pergure 101-87), the) density changes by «a factor of 2.2, 
while the temperature only changes by about 3%. The 
Sharp increase in mobility reflects the density variation. 
myer the entire density range outside the critical region, 
the mobility varies inversely to the density. 

The other figures give the effect of temperature 
on fixed density lines. The isochores are of 0.50 no 
(Figure III-83), 0.25 oe (Figdre I11=89)5 0<11 ne (Figure 
I1I1-90), and of 0.022 ne (Figure III-92). In all these 
cases, the effect of increasing the temperature along an 
isochore is to increase the mobility. The increase how- 
ever depends on the temperature difference away from the 
Coexistence curve. This is most clear in the most dilute 
(0.022 no) isochore. The ion mobility rises sharply near 
the coexistence curve, but then levels off. There is no 
variation in ion mobility as the temperature is raised 
from 345K to 394K. A single curve is drawn through the 


points of both temperatures. 


Data for propane is summarized in Table LDA vin 
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FIGURE III-89. Ion mobilities in gaseous propane as 
functions of E/n. Densities and temperatures 
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FIGURE III-90. Ion mobilities in gaseous propane as 
POnetAONs Ot E/N. Oo = 3.4) x 1929 molec/cm> 


Temperatures: (] (306K), O (358K), 4 (426K). 
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FIGURE III-91. Ion mobilities in gaseous propane as 


functions of E/n. Densities and temperatures 
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TABLE III-11 


Summary of Ion Results for Propane® 


i A Uy yn 
oK 102! molge 107° cme 10/9 molec 
cm ag? VS 3: Vscm 
169 .96 0.408 65556 
197 8.48 0.682 0.578 
224 8.05 1.00 0.805 
243 Pie Wey Deas 
315 tats 3413 1.99 
371 3.00 SORE G6 
298 ariG 2.64 1.78 
340 E67 4.04 2.25 
365 4.17 5.40 2.25 
373 3.00? 6.07 1.82 
369 2.45 5.21 1.28 
370 2.007 5.04 1.5) 
374 3.00? 5.71 jan 
377 3.00? 5.90 Sr 
360 1.39 9.91 1.38 
354 Tei 12.1 1.40 
328 0.593 21.6 1.28 
372 1.50 10.3 1.54 
385 1.50 Wis: 1.70 
317 0.450 27.9 1.26 
338 0.751 18.7 1.40 
346 0.751 19.6 ee 
383 0.751 25.4 1.91 
306 0.341 34.7 1.18 
358 0.341 45.0 Oe 
426 0.341 52.2 1.78 
(continued...... ) 
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345 
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TABLE III-11 


0.269 

Ug 8s 

0.0669 
0.0669 
0.0669 
0.0669 
0.0669 
0.0567 
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Data appear in same order as in figures. 
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4. n-Butane 


Measurements were made in n-butane in both the 
liquid and gas phases along the coexistence curve as wel 
as at different temperatures on a number of isochores. 
merase contained in Figures-TlI=94 to -IlPL-102...low 
pressure conductance cells were used for collecting the 
Seeaein Figures 111-94, III-95, III-101 and I11-102. For 
the other figures high pressure conductance cells were 
used. For Figures—111-944. T11=95. and 111-96) liquid 
eype cells were used. For the rest, gas type cells were 
used. 

In liquid phase n-butane, two components were 
found for the ion mobility at 208K, 266K and 298K. The 
faster component is shown in Figure IJII-94 and the 
Stower in Figure III-95. The faster species is the 
negative ion while the slower is the more usually observ 
Peeative jon. For 208K and 266K, w/u, is 1.9 ana 20) 
respectively, at agreement with the observation in 
other hydrocarbon systems (195) that u_/u, ~2 in the 
normal liquids. 

Por 298%, this ratio has increased: te-3.). 3 tines 
the liquid is heated to 365K, the fast component dis- 
appears. Throughout the liquid range, the mobility 
increases as the temperature increases. When the ceo 


cal region is reached, increasing the temperature con- 


tinues to increase the mobility. 
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PlGURE J11-94. Ion mobilities in liquid n-butane plotted 
against the density normalized electric field 
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FIGURE III-95. Ion mobilities in liquid n-butane plotted 
against the density normalized electric field 


strength E/n. Densities and temperatures 
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FIGURE III-96. Ion mobilities in liquid and supercritical 


Heputanevas functionsyofeE/ni~ 2DensaLiesiang 


rad 


temperatures (n/10 movee/cinrs 1)? Cht4s 99tneo5k)- 


OerenS6, 427K )areA’ 4203641492K), te (2536; e44eke 


fyi 4 Oo 
ewe aes |! 
] i 
ane 
mo 4 
PE Ney ae of 
; 
1 


Atys 
vation ak ‘ ac \ eoseemnnaaad 


aa | \ 
oy 


{| ees a 


* eat, is 
gad teas 


i 


> 


; LT 

pW ‘au 

yl) j 
fs 


ae mat 
uA Ae s x 


Hi 2STErt Daisies? a 


Tee amr s toy $6 ani 


pomeS oh a? el RAGS aE .8 yo. 


i] 7 
‘ 
i] oa 
noel 7 
- i 
' f 
ti ' ha 
= v 
XN 
P » 
od i 
" < 
x —* 


245. 


In the gas phase (Figures III-97 to III-102), the 
mobility varies in the same way as the other systems pre- 
viously discussed when the density or temperature (at con- 
stant density) is changed. The density effect along the 
coexistence curve can be extracted from Figures III-97, 
I1I-99 and III-102. The density range covered is n/n. =i Pee 
meoure 11b-97) to 0.026 (Figure III-102). Initially the 
mobility increases by a factor less than that of the 
decrease in density. When the density drops below about 
n/n. ~ 0.5, the mobility varies inversely with the density 
decrease. 

The mobility was also measured at different tempera- 
tures along five isochores where n/n. = 1.0 (Pigure tii-o7 
meour(tigure 111-98), 0.25 (Figure III-99), 0.10 (Figure 
III-100) and 0.032 (Figure III-101). In all cases, the 
mobility increases with the temperature. The initial rate 
of increase also decreases as n/n, decreases. for sine 
n/n. ou.) and 0.032 isochores, the mobtlities at: the 
higher temperatures are levelling off. In order to avoid 
crowding, some of the curves were not drawn. On Figure 
III-98, the top curve is at 440K. The curve for 435K 
which was not drawn, is 4% lower than that of 440K. On 
Figure III-101, the three curves drawn are, from the top, 
for 424K, 312K, and 304K. The curve for 370K would be 
0.6% lower than that of 424K. Within the scatter, the 


two curves are the same. The curve for 333K lies between 
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TABLE III-12 (continued) 


367 2.42 3390 9.44 
430 2.42 4.35 LD este, 
458 2.42 4.56 WO 
304 0.756 3, 9 10.5 
308 hese ee 14.5 keg’ 
g12 De oD Tt) lis 
S88) ee hes) 16.0 Pel 
370 Oi73.6 eee) ois 
424 0.756 18.0 Sie 
300 0.684 14.9 1052 
296 0.606 1329 Tela 


* Data appears in the same order as in the figures. 
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a, iso-Butane (2-methylpropane) 


Ion mobilities in iso-butane are contained in 
Figures III-103 to III-111. Low pressure conductance 
Eells were used to collect the data in Figures I11-103, 
III-110, and III-111. High pressure cells were used for 
meeeene rest... As well, cells used to gather the data in 
muges, IT1-}03;5 111-104, and Il1-105 were liquid type 
whereas all the rest were gas type cells. 

The liquid phase results are shown in Figures III- 
feo. LI1-104 and JII-105. Muchemore variation with den- 
sity is shown than in n-butane (preceding section). As 
the system moves from 140K to 408K, the mobility in- 
Gmeases by a factor of 50 for a density decrease of a 
factor of 3. Varying the temperature between 140K and 
270K (Figure III-103) leads to a continuous increase 
in mobility. However, between 298K and 330K, (Figure 
m= 104), the mobility varies only slightly. There is 
no mobility maximum in front of the critical point 

(Figures III-104, III-105). Above 359K, the mobility 
rises continuously towards the critical region. 

In the gas phase, upon attaining the (crits cal 
point increasing the temperature leads to an increase 
in mobility (Figures I11-105, II1-106). Increasing 
the temperature along the other isochores where n/n. = 
0.50 (Figure II1I-108), 0.26 (Figure III-109), 0.026 


(Figure III-110) leads in each case to an increase in 
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FIGURE JII-103. Ion mobilities u in liquid iso-butane as 
functions of E/n. Densities and temperatures 
Myo molec/en’.1): 0 (7.69, 140k), © (7.495 Tea 
Pemme Oe 13s) 5 UTIs, TSIK)s 8 heer aoe ava 
Magers, 239K); 4 (6.07, 270K}. 
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PravRe TII-104. Ion mobilities in liquid iso-=butane as 


functions of E/n. Densities and temperatures 
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mobility. In the case of n-butane, the mobility curve 
along the n/n. = 0.032 1s0chorne levels off at higher tem- 
Pertures. InisS 1S also the case for propane and ethane 
However, in the same manner as methane, the dilute gas 
7so0chore in iso-butane does not level off at the higher 
temperatures even though the curve is beginning to bend 
towards a plateau. 

Promsriguress tiiaJ 07, IlI-Pll,”° and from the, ook 
curve on Figure III-108, it is seen that moving the system 
away from the critical region along the coexistence 
curve towards the dilute gas leads to the same trends 
observed in the other hydrocarbons. The mobility initi- 
ally increases at a rate less than the density is de- 
Greasing, but then at n/n. < 0.5,. the mobility, varies 
inversely proportional to the density change. 


Data for iso-butane are summarized in Table III-13. 
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TABLE III-13 


Summary of Ion Results for iso-Butane : 


n Uy un 
10-0 molec 1072 cm* 10!9 molec 
cm Vs Vs cm 
76.9 0.00734 0.0564 
74.9 0.0130 0.0974 
Fel 0.0222 0.161 
a7 0.0342 0.224 
67.4 0.0502 0.342 
64.1 0.0723 0.463 
60.7 0.0863 0.524 
B73 0.110 0.630 
Ene 5 0.110 0.600 
52.8 Te 0.612 
47.9 0.159 0.762 
45.4 0.184 0.835 
Bone 0.318 0.841 
39.2 0.258 1.25 
Ai 0.366 0.842 
peua” 0.465 1.07 
23-0? 0.500 115 
23.0? 0.494 1.14 
308 0.582 ey 
eye 0.623 1.43 
ate 0.664 1.08 
Via 0.902 1.00 
565 1.69 0.955 
a aie 9.62 0.951 
ae 0.851 0.979 
11.5 0.929 TO? 
iis T06 1.22 
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Data appear in the same order as in the figures. 
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6. Ethene 

Data for ethene are contained in Figures III-112 
fOoutl-116. The ion mobilities were all measured in high 
pressure conductance cells. All the results were obtained 
using gas type cells except for the results of Figure III- 
miesror which a liquid type cell was used. 

Liquid phase results appear in Figure PITS hte 
Raising the temperature from 173K along the coexistence 
curve towards the critical region leads to an increase in 
mamairty by a factor of-é.1 for a density decrease in the 
Same range of a factor of 2.6. There is no mobility 
maximum below the critical region. 

In the gas phase, measurements were made along the 
n/n. eOm dures Alt=1125 [11-1 13), 0.35" Ghigures er 
mree0-17 (Figure I1I1=115), and 0.041 {Figure I11-116) 
Hsochores. In each case, the mobility increases with tem- 
perature. At the higher temperatures of the isochores 
(except n/n. = i) the mobilities do“hoteincrease atacs 
Oreat a rate as near~the coexistence curve. 

brgures: Pll=35 J11-115.. and) LRGs. naw. curve. 
for temperatures along the coexistence curve. Decreasing 
the density along the coexistence away from the critical 
fluid towards that of the dilute gas leads to an increase 
in the mobility. The mobility increases at a rate less 
than the density decrease at n/n.» 0.6, and at the same 


rate as the density decrease at a O56. 
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Not all the curves were drawn through the figures 
mamoracer tO avoid excess crowding. On Figure IJI-112, the 
eurve second from the top is for 282K. The arithmetic 
averages of the 283K and of the 279K curves are respect- 
ively 3% above and 2% below that of the 282K curve. On 
Piagure II1I-113; the lowest curve is drawn for 283K. The 
curve for 285K based on the arithmetic average of the 
points would be 4% above the curve for 285K. On Figure 
III-116, the bottom curve is drawn for 203K, the second, 
for 236K, and the third, for 196K. The curves (based on 
the arithmetic averages) would be for 298K 7% above that 
ee es6Kk, and for 207K, 4% above that of 203K. 


Data for ethene are summarized in Table III-14. 
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TABLE III-14 


Summary of Ion Results for Ethene : 
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Jon mobilities in propene are contained in Figures 
Bey tO .I-)22. Data for Figures. Lhl=<l2ltandmelideae? 
were obtained in low pressure gas type conductance cells. 
Data for Figure III-117 were obtained in high pressure 
liquid type conductance cells. The rest of the results 
were obtained in high pressure gas type conductance cells. 

Liquid phase results appear in Figure III-117. As 
the sample is heated along the coexistence curve from 
Porn towards the critical region the mobility increases 
Eymas tractor of. 52.4. In this same region, the density de- 
creases by a factor of 2.6. Increasing the temperature 
leads to a smooth increase in the mobility. There is no 
mobility maximum below the critical region. 

On reaching the critical region (Figures III-117 
and III-118), the mobility increases with temperature at 
Smrarder rate than in the liquid phase Just below: the 
Eatacal region. 

In Figure “IT1I-117,"the~second*curve” from the top 
is Prawn through the:.points for 365:7K:" The points for 
365K (liquid phase) are negligibly different. Other iso- 
chores examined include those where n/n, = 0.50 (Figure III- 
mero, 25 (Figure I1]-120), 0.13 (Figure Ili-121), and 
Memeo {Figure I1]-122). In all these cases increasing the 
temperature along the isochore leads to an increase in 


mobility with the rate of increase becoming less at the 


higher temperatures. 
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The effect of decreasing the density along the co- 
exastvence curve can be obtained rom Figures I11-118, ITI- 
me) and I[1I-123. Below n/n. ~ 0.8, the mobiliay imereases 
inversely proportionally with the decrease in density. 
Between n/n, =) and n/n. 270.8, the mobili Gy ticrenseswar 
a slower rate than the decrease in density. 

Three curves were not drawn. They are the curves 
for 362K and 366K (both on Figure III-119) and the curve 
Meresook (Figure Ili-121). On Figure III-119, “the curve 
Momeoock 1S 9% above that of, the curve for 358k. The 
menve fOr 366K is 3% below that of the curve for 368K. 
maerroure Jil-121, the curve for 358K is only 22% higher 
than that of 296K (based on arithmetic average). On the 


scale of figure the two curves would coincide, 
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TABLE III-15 
a 


Summary of Ion Results for Propene 


: Hy un 
4 ge eae 1025 cmé 1919 molec 
cal cm Vs Vs cm 
231 8.66 0.0859 0.744 
255 8.27 0.129 le 07 
296 7/83 0.203 1.49 
318 6.76 0.264 1.78 
350 5.44 0.372 2.02 
$64.6 Seals 0.461 iyi 
B65. 7 Seyae 0.462 1.53 
a7 .5 3.32? 0.475 1.58 
370 Ae 0.526 eae 
368 Bago 0.557 1.85 
365.4 eee 0.462 ce 
364.2 2.86 0.485 1.39 
362 2.26 0.607 19 
368 Te G6 0.973 1.62 
366 66 0.946 hose 
362 6G 0.865 1.44 
358 loa 0.787 ie 
389 0.823 a: 1.78 
368 0.823 2.03 ay 
349 0.823 1.79 1.47 
382 0.415 4.24 ere 
358 0.415 A285 1.60 
318 0.415 3.23 1.34 
305 0.415 2.92 1.21 
296 pess7 3.78 1.27 
393 0.0661 29.5 1.95 
355 0.0661 27.6 1.82 
294 0.0661 24.7 Wire 
(continued. .s<..- ) 


A Die lta 5 (continued) 


252 0.0661 20.7 137 
247 0.066] 19.5 speared 
240 0.0601 24.0 1.44 
233 0.0461 ee? 1.44 


Data appear in the order of appearance in the figures.: 


b 2 21 ? 
no morose: XakO= 3 Te SOaK. 
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8. Cyclopropane 


Results for cyclopropane are contained in Figures 
I1i-124 to III-129. All measurements were made in high 
pressure conductance cells. Cells used to collect data 
in Figures III-124 and III-125 were liquid type. The 
other results were obtained in gas type cells. 

Liquid phase results are shown in Figure III-124. 
Increasing the temperature along the coexistence curve 
leads to a steady increase in mobility between 254K and 
393K. When the sample is heated to the critical tempera- 
ture (Figure III-125), the mobility increases. A 
further increase in temperature leads to another increase 
in mobility. | 

Figure III-126 shows the variation in the mobility 
in the gas phase as the sample is cooled from the super- 
critical fluid. The mobility first decreases, passes 
through the critical point, then increases again at below 


the critical point. 


Measurements along other isochores where n/n. = 
0.46 (Figure I11I-127), 0.25 (Figure II1I-128), and 0.099 
(Figure III-129) show that over the temperature range 
examined, the mobility continues to rise with temperature. 
From Figures II1-126 to III-129, the gas phase ion mob- 
ilities in cyclopropane are seen to increase as the 
density is decreased along the coexistence curve in the 


Same manner as in the other seven compounds. Below 
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n/n. ~ 0.4, the mobility varies inversely proportionally 
with the density. Between 1 > n/n. > 0.4 the mops ity a 
myereaSing at a lesser rate than the decrease in density. 
On Figure id Paved the: curve for 387K and that 

for 394K were omitted. The curve for 387K is 2% lower than 
meteor SOOK. The curve for 394K is 4% higher than that 
masook. On Figure III-128, the curves for 358K and 372K 
Breewithin 2% of each other. The curve for 372 was drawn. 
On Figure III-129, curves for 396K and 406K are within 2% 


meeeach other. On the scale of the figure, they super- 


impose. The curve drawn is for 406K. 


Data for cyclopropane are summarized in Table III- 
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TABLE II1-16 


Summary of Ion Results for Cyclopropane® 
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OVC 
4.97 
3.09 
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* Data appear in the order of appearance as in the figures. 
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i nreemlone Yields 

Free ion yields were measured in the eight hydrocarbon 
systems along the vapor-liquid co-existence curve in both 
mere cacs Well as in ther supercritical: fluids: With “nee 
exceptions of methane and ethane, measurements were also 
made along a number of isochores where n/n. <i henereect 
of an electron scavenger, SFe, on the free jon yields int 
isobutane (2-methylpropane) was also examined. 

The experimental free ion yields were calculated in 
epesmanner described ttm Chapter II. The solid curves drawn 
Menough the figures of this*section were calculated’with a 
model that will be described in Chapter IV. By this 
models the most probable distance b that the epithermal 
electrons travel during thermalization a be extracted. 

the free ion yields are plotted against the electric 
freld strength since that is the relevant parameter in 
the model. Further, common practice involves a comparison 
Orepd, where d is the density in Ae so all the 
Mensitres in this section are cited in We. Ges and 
Beat dmestirtting parameters. 

Data will be presented in the same manner as the 
mobilities. Tables summarizing the results will be given 


meter each subsection. 
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1. Methane 

Free ion yields in liquid methane appear in Figures 
111-130 to I1I-133. In all the figures, the free ion yields 
Boerease sharply with electric field up to about 10 kV/em 
and then tend towards Vevelling off.  Thenemisseraecd trore 
ence between the results obtained with a positive applied 
electric field and that obtained using a negative voltage 
‘supply. The positive voltage results are consistently above 
eose Of the negative voltage supply. This difference has 
been previously noted in other high mobility Ptquidea aeons 
Also in agreement with the earlier work, the difference 
between the two sets of résults increases with increasing 
voltage. The difference has Been, attrabuted to positive 
field Renetration into the region between the “Co lveccor 
and guard electrodes that removes some of the highly 
mobile electrons from that dead volume, which permits the 
Positives ions then to drift towards the collector. “A 
negative applied field would push extra electrons into 
the dead volume, but there would not be additional posi- 
mivelions to neutralize. The-extra electrons would 
eventually diffuse to the collector and guard, relatively 
unaffected by entry into the dead volume. As corroborat- 
ing evidence, it was pointed out that this difference is 
not observed for liquids where the electron mobilities 


are low, and that the difference is also smaller when the 


cell volume is smaller. The same observations about the 
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PrauRE 111-130. Free ion yields Ge as. func GiOns Of .6bece 


ric field strenath E:in Liquid msthanel Tiiiks cia 


applied voltage. O is (-) applied voltage. 
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PEGURE T11-131. Free jon yields ar as funct.i0n- Of Céléectric 


field strength E in liquid methane. QJis (+) applied 
voltage. Ois (-) applied voltage. 

A: 153K and 0.357 g/cm. 
B: 170K and 0.314 g/cm> 
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field strength in liquid methane.QOis (+) applied 


yolcage. ©O7s (-) applied voltage. 
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moore TPLI-133. Free ion yields as functions of E in liquid 
methane. Dis (+) sean nte: voltage. O is (-) applied 
voltage. 
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Sign difference were also noted by another worker (137). 

The free ion yields in methane change very little over 
the entire liquid range. In this behavior it is much more 
like the liquified rare gases than the other hydrocarbon 
compounds. In the other seven systems the free ion yield 
will be seen to change much more drastically as the liquid 
is heated along the co-existence curve. 

From section III-A, the electron mobility can be seen 
to drop an order of magnitude over a few degrees (Figures 
Mo) and I11-5). As the liquid is heated into the critical 
region, the voltage sign effect disappears (Figure III-134). 
Increasing the temperature from 192K to 194K leads to little 
increase in the free ion yield. Later sections will show 
that in all the eight compounds, increasing the temperature 
along an isochore leads to little variation of the free 
jon yield. 

Figures III-135 and III-136 show the effect of cooling 
the gas along the co-existence curve first to 0.119 g/em? 
near the critical region, and then down to 0.023 g/cm 
(d/d. ~ 0.14). For the higher densities there is no volt- 
age sign effect. For the 0.023 g/cm, a voltage sign 
effect may be appearing though the difference is not large. 
The curves are also arching more. The high voltage free 
ion yields are increasing as the density decreases. 

Figure III-13/ shows free ion yields in much more 


dilute gases. The voltage difference between positive and 
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FIGURE ITI-134. 


eritacal methane d = 0,162 g/cm>. 
A: (-) applied voltages, © (+) apolied voltage 


B: O (+) applied voltage, O (-) applied voltage 
192K. 
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mlouURE JTII-135. Free ion yields as function of E in gaseous 


methane. DJ is (+) applied voltage Ojis (-) applied 
voltage. 
A: 190K and 0.119 g/cm. 


B: 183K and 0.0765 g/cm>. 
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miauRE IT1-136. Free ion yields as functions of E in gaseous 
methane. (J is (-) applied voltage. Ojis (+) applied 
voltage. 
A: 173K and 0.0455 g/cm. 
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FIGURE III-137. Free ion yields in gaseous methane as 
Tunctions of E. O is (-) applied voltage. © is 
applied voltage. 

A: 144K and 0.0124 g/cm®. 
Pee ook and. 0.0071 g/cm”. 


C: 123K and 0.0039 g/cm? 
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negative applied voltage results can once more be seen. 
The conclusion of (150) appears to be supported, that is 
the negative voltage in such a situation is more correct. 
Assuming that saturation has occurred at the highest 


mre1ds, the total free ton yield G at the lowest den- 


COL 
mares are 3.3, 3.6 and 4.0 for 0.0124, 0.0077 and 0.0039 
g/cm”, respectively, for the negative applied voltage re- 
Puits. though the Got may still be changing, they are 
within 10% of the low density gas phase Geot = oe 

obtained for methane by other methods (see Table I-1). At 
muese low densities, the model fitting is inappropriate. 
Variation of b with GEG aa is toogdrasticite allowsuniogue 


determination of b. 


Data for methane is summarized in Table III-1/7. 
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TABLE III-17 


Summary of Free Ion Results for Methane 3 
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TABLE III-17 (continued 


144 0.0124 102 Lao oa 
Bs fe15) (3.7) 
oo 0.0071 1,01 3.6 3.6 
(4.1 (4.6) 
123 0.0039 1.01 Se) 4.0 
(5:0) (5.1) 


@ Positive applied voltage results in brackets. 


b Static dielectric constant 


© Most probable thermalization distance 
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Free i10n yield results for ethane are contained in 
megures I11-138 to 111-142. Data in Figures I11-138 and 
111-139 (except 306K) were obtained using a high pressure 
Mee type cell. The rest or the data was obtained an 
Beuron pressure gas type cell. 
ewigurd phase results are shown in Figures lilo 


At low temperatures the free ion yields G&G vary linearly 


fi 
Meee electric field strength. As the liguid 4s heated 
along the co-existence curve from 166K, the free ion yields 
become sublinearly dependent upon the electric field 

Berength. There is also much more variation in the liquid 


phase G values than in methane. From Table III-18, it 


i 


Can be seen that Ge nG for methane is. always greater 


Cot 
meee. 9 1n ethane at 166K, this, ratio,.is 0:02. “In othe 
Subsequent sections, the other hydrocarbon systems will 
be seen to resemble ethane in this regard rather than 
Methane. his ratio increases with the temperature and 
Prewextent of curvature. 

In Figure III-139, free ion yields in supercritical 
Pehane are shown. The top curves (A) and the higher 
curve of B (307K) were obtained in a liquid type cell 
using positive applied voltages. More recent results 
Meng a gas type cell Rte negative applied voltage are 


given in B for comparison. Possible reasons for the 


discrepancy have already been given jin the discussion 
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FIGURE III-138. Free ion yields in liquid ethane plotted 
against the electric field strength. Temperatures 
anisaensities (K,-d): 0 (166, 0.5/1), Of224> C250. 
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FIGURE III-139. Free ion yields in supercritical ethane 
Goecimec1ons OF. E.' d=" 07ns g/cm>. Temperatures: 
A: O (307K), Ow (390K). 
Poem cork)» O (306K)" 


iz 


shthe it ev’ ocean aha 
aerae reer Re) et 4.1% enots aa 268. 
ee i repre «> (axon) an 
reaeny. GCs O “8 


~ 


Je 


olan 


Sememethane (section III C {1)). The gas type cell shows 
no difference between positive and negative applied voltage 
(Figure III-140 (B) and (C)) in the supercritical fluid. 
It may be that the dead space in the liquid cell is much 
merger than that of-the gas cell. The results from the gas 
moeeeare preferred for the critical density. 

ite. cop curves in Figure III-140 in the A box arerat 
Bee@ensity less than that of the supercritical fluid. The 
meee 10n yields at the higher fields have increased to a 
lesser extent than those at lower fields. The overall 
effect is a more pronounced bending of the free ion curve. 
Further decreases in density appear in Figures III-141 and 
mie 142>>"The threshold field at which the free ion yields 
mevel Off appears to shift from about 15 kV/cm at 0.095 
a/cm* ro apourc S at’ 0-068 aycm™ tO <aDOUT So ate ee q7cm. 
This value’remains the same when the density decreases to 
0.051 and 0.046 g/cm>. The high field free ion yields for 
the three lowest densities are all within about 10% of each 
moner. The Rees ank s between the (+) and (-) applied 
voltages are likely due to experimental scatter. The 
fitting parameter G,)4 for these densities i. 18.420 5 52. 
This agrees with the total ionization yield obtained in 
low density gases by other methods of 4.1 (see Table Lo). 


Data for ethane are summarized neta pues 
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FIGURE III-140. Free ion yields in gaseous and super- 


critical ethane. Temperatures and densities are: 
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TABLE III-18 


Summary of Free Ion Results for Ethane 2 


: ao 6 be Be 
(g/cm?) oi ae 1072 ‘em 10° g/cm? 
0.571 1.82 (0.081) (4.0) ° (93) (53) 
0.503 1:70; (0.20) (4.0) ~ Faas (53) 
0.476 1.65 (0.25) (4.0) © (110) (54) 
0.430 1.54 (0.44) (4.0)° (140) (58) 
0.338 1.44 (0.78) (3.5) (230) (76) 
0.203 12s 01.23 (5.0) (260) (52) 
0.2034 peo5eawAy (2) (5.0) (260) (52) 
0.203 1.25 10 3.5 350 72 

25>) (19) (3.5) (350) (71) 

0.2034 Tes} a 370 75 
(1.2) (3.5) (360) (74) 

0.095 ae ae: 4.3 710 67 
(2.4) (4.2) (703) (67) 

0.068 1.07 2.0 3.9 790 54 
(230) (3.9) (810) (55) 

0.028 1.03 2.9 4.0 2100 58 
(3.0) (4.2) (1900) (53) 

0.051 1.06 2 3.9 1040 53 
(2.3) (4.0) (980) (50) 

0.046 1.05 2.3 3.8 1200 55 
(2.4) (3.8) (1250) (57) 


* Positive voltage results in brackets 


b 


Static dielectric constant 


© Most probable thermalization distance 


d 


“ 3 
te = 306K , d. = 0.203 g/cm 


e Assumed equal to low density gas phase value. 
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Ra hore 
aE Propane 

Free ion yields determined in propane appear in Figures 
Meenas tO L1J-15)1. Data in Figures TI1-143 to IlI-145 exe 
cluding the negative voltage results in III1-145 were obtained 
ane Jiguid type high pressure conductance cell. The re- 
mainder of the results were obtained in a gas type high 
pressure conductance cell. 

mouTu Pihese Gata Wn Figures IIl-143 to 191-145 show 
emeesame general features as the free ion yields in ethane. 
However, low enough temperatures were attained to show an 
effect that was not apparent in the ethane set. The lowest 
Moree curves 149, 169 and 197K in Figure III-143 are in- 
creasing superlinearly with electric field. At 252K, the 
free ion yield curve is linear with respect to E and at 
276K, the free ion yields are beginning to bend sublinearly. 

Figure III-144 shows that the extent of bending in- 
Creases with the temperature. The electron field reached 
Ooo kV/cm) was not sufficient to totally collect all the 
moma This trend continues. into the critical region 
Pevaure I11-145). There is no noticeable difference bet- 
ween results obtained using different polarities. The (+) 
Voltage results in II1I-144 (B) were obtained in a liquid 
type cell whereas the (-) results were obtained in a gas 
type cell. No difference can be noted up to about 36 kV/cm 
which was the maximum field attained in the gas type Ce Vis 


Further results in the supercritical fluid appear in 
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Figure III-146. A seven degree variation leads to little 
change in the free ion yields. 

Decreasing the density along the co-existence curve 
Beagure I11-147 (A), III-148, ITI-150(A), I1I=-151) raises 
the high field voltages but increases the low field volt- 
age results more, Ihe field where the free ion yield seems 
to level off shifts downwards as the density decreases 
in a similar manner to the behavior in ethane. 

The temperature effect along isochores can be seen 
emerigures I11-147(B), 111-149, and III-150(B).” The tem- 
perature has been increased 13, 50 and 130K for the iso- 
chores n/n. = 0.5, O25 and 0.15;s“respectivelys The varia- 
fran in free ion’ yield is slight.” There may be a slight 
increase. The apparent voltage sign effect is likely due 
meascatter:: . 

The fitting parameter G, 4 (Table kIlT-19) for d= 
2055/7 oie is fairly constant and equals 4.0. This agrees 
well with the low density gas phase total ionization 
Wield of 4.1-(see Table I-1)). 


Data for propane are summarized in Table JI1-19. 
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FIGURE III-143. Free ion yields in liquid propane as 
functions of E. Temperature and density (T,d): 
Poti, 0.680). °O-(169, 02656), A 1a eee. 
© (252, 0.556), 0 (276, 0.526). | 
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FIGURE III-144. Free ion yields in liquid propane 
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FIGURE III]-145. Free ion yields in supercritical pra- 


pane as: functions of Eb. dd =ob.2206 “Temperarures 
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FIGURE III-146. Free ion yields in supercritical 
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FIGURE III-147: Free ion yields in gaseous propane as 


functions of E. Temveratures , densities and 


Oolarities of the applied voltages {jl,,d, Wee 
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FIGURE III-148. Free ion yields in gaseous propane as 
functions of E. Temperatures, densities and 
polarities of the applied voltages (T, d, V): 
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FIGURE III-149. Free ion yields in gaseous propane as 
mrcoIpis OT ab. ).d = 0.0557 g/cm>. Temperatures and 
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FIGURE III-150. Free ion yields in gaseous propane as 


functions of —. A: d= 0.033 g/cm’, 1 = 317K, 
mars =) and. OC is (+) (applied voltage, 
pew = 0.025 g/cm>. Temperature and polarities of 
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(Kk) (a/en*) 
149 0.680 
169 0.656 
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252 D200 
276 0.526 
“aed 0.495 
314 0.465 
340 0.408 
365 0.305 
370 0.220¢ 
Srl 0.220 
ait 0.220 
374 0.220 
370 0.220 
369 0.180 
a/2 05.110 
385 0.110 
360 0.102 
354 0.085 


summary of Free Ion Yield Results for Propane 
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TABLE III-19 


Gr Crt 
(0.047) (anys 
(0.061) ‘Cham 
(0.085) Chas 
(0.17) i gg pla 
(0.25) rie 
(0.33) ai 
(0.41) (ye 
(0.63) (aye 
(1.05) (4.1) 
(1.3) (C7) 
(1.3) (4.1) 
1.4 4.1 
(1.4) (4.1) 
bes 4.2 
(1.3) (4.1) 
1.3 4.1 
(123) (4.1) 
(22 4.1 
ee) (3.6) 
ae 3.3 
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2 Positive applied voltage results in brackets 


b 


© Most probable thermalization distance 
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TABLE III-19 (continued) 
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4. n-Butane 


Free ion yields for n-butane are given in Figures III- 
152 to I1I1-161. Data in Figure III-152 were obtained in a 
mow pressure liquid type cell. Results in Figures Eil-is. 
and 111-154 (except the negative voltage set in Figure I]I- 
154(B)) were obtained in a high pressure liquid. type calle 

imnvthe cold liquid {Figure III-152), the free jon 
Pields can pe Seen to climb superlinearly with thewelecwuric 
field strength at the lowest temperatures. The differences 
Berween the 203K and 222K results at the lowést electric 
mrelaqs may be just due to scatter in’ the data. “Above 203K, 
the curves straighten out. Above 299K (Figure III-153), 
the free ion curves begin bending over in the same manner 
as the free ion curves in propane. The extent of the 
Curvature appears less than in propane. 

Results in the supercriticalyfiaid; are shown 107 
meres 1117-154 and II1I-155. -The difference between the 
(+) and (-) applied voltages are likely due to scatter. 

The temperature increase of 14K (Figure III-154(A)) 
Sianges the free ion yields by less than 7%. -The 5K o1n- 
erease does not vary the free ion yield to any noticeable 
extent. 

Figures IJ1-156, III-159 and II1-161 show the effect 
of decreasing the density along the co-existence Curve. 

The same features appear as for ethane and propane. The 


high field free ion yields level off. The. electric fired 
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MmeauRE 111-152. Free ion yields in liquid n-butane as 
functions of E. Temperatures and densities (T,d): 
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FIGURE II1I-154. Free ion yields in supercritical n-butane 


Peamunctions of £. d= 0,220 g/cm>. Temperatures 
and polarities of applied voltages (T,V): A:0(427,+), 
prasad). O(441Ky +)y Be Eigse). 
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PLGURE IT1I-155. -'Free jon ‘yields ‘in’ supercritical ambutane 
Soe Tunertrons OT Cc. °'a*= "8.225 g/cm>. Temperatures 
and polarities of the applied voltages (T,V): + 
fA30Kt-=), ° Or (430K o-+); Ae (425K R “7 ER, (a2 ee ery. 
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PEeGURE Ji1=156. Free ion yields in gaseous n-butane as 
functions of E/n. Temperatures, densities and 
polarities of the applied voltages (TT, -d, V): 
Peevak. 0.168. =) Y (423k, 08 ba ele ee 
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FIGURE III-157. Free ion yields in gaseous n-butane as 
Ponectaons of £. d= 0.7314 g/cm>. Temperatures and 


volarities of the applied voltages (T,V) are: 


R> + (441k, +), © (441K,-) A (436K, -) 0) (436Ke4). 
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FIGURE III-158. Free ion yields in gaseous n-butane as 
BUMmct rons, Of se. » d = 7070575 g/cm>. Temperatures and 
polarities of the applied voltages (T,V)0 x 44a 
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FIGURE III-159. Free ion yields in gaseous n-butane as 
functions of E. Temperatures, densities and polarities 
of the applied voltages (T,D,V) are A: + (391K, 0.0575, 
reo sesOtk. 020575, +), O (333K, 0.0158. 2) ete 
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FIGURE III-160. Free ion yields in gaseous n-butane as 
fonctions of E....d = 0.0234 g/cm. Temperature and 
polarities (T.V): X (458K, +), 4 (458K, -), X (430K,-), 
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FIGURE III-161. Free ion yields in gaseous n-butane as 
fenccionss Of E; “d =-0.0059 g/cm>. Temoerature and 
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strength where this occurs decreases as the density de- 
creases. 

The effect of temperature along isochores iS shown 
in Figures PiI=1575 J1i-158 and I11-160,. respectively. 
The shape of the curves is like those on the co-existence 
curve. Temperature changes of 21, 37 and 104K for the 
jsochores where n/n. = 0.50,;-0525 and 0.10, respectively, 
did not vary the free ion yields beyond the scatter of | 
the data set. 


The fitting parameter G equals 4.3 in good 


LOU 
agreement with the low density gas phase value (see Table 
Dens). 


Data for n-butane are summarized in Table II1I-20. 
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TABLE III-20 


Summary of Free Ion Results for n-Butane® 
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TABLE III-20 (continued) 
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5. Isobutane 

Free ion yields in isobutane appear in Figures II1-162 
to I]I-172. Liquid type high pressure cells were used to 
Sbtain the data in the first four figures except the nega- 
mive Voltage set in Figlire II1I-165(B). Gas type high pres- 
SireemcenlS were used for the rest of this data set. 

ficuids sonase Tesulas are contained in Figures) Jil-ee 
mo Iii-164. Like propane and n-butane, thé free ion yields 
at the lowest temperatures increase with electric field 
strength to a much greater extent than the higher tempera- 
mces. (Fraqure IJ1-162). ‘The lowest temperature 140K in- 
mereases superlinearlyawith electric field; ee appears to 
penaGeover once more. A similar’ result occurs for 154k but 
to a lesser degree. At 173K, the superlinear initial in- 
Saerseenon longer occurs. The free ion yields for Ion; 
181K, 214K, and 239K are very similar (Figures III-162 and 
II1I-163). Increasing the temperature to 270K separates 
mie free ion yield curve more distinctly. 

ine Pidure.-lll-164, free ion yields between -z9ck oro 
fuct bevow thevcri tical» pointsare shown sa.dne 298K edges 
not show a levelling of the free ton curve even at 93 kV/ 
cm. The extent of the bending seems more pronounced as 
the temperature increases. 

Dataean the supercritical fluid appear in Figures sii 
Peon thiel66. The earlier, liquid type cell mesunts 
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FIGURE III-162 Free ion yields in liquid isobutane as functions 
of E. Temperatures and densities (T,d): + (140K, 0.742), 
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FIGURE III-163 Free ion yields in liquid isobutane as 
functions of E. Temperatures and densities (T,d): 


O (214k, 07650), A\ (239K, 0620), LA (270K ee. seo) 
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FIGURE III-164. Free ion yields in liquid isobutane as 


functions of E. Temperatures and densities (T,d):Q0 
Peak Oe ooo een 1 Sk. .00526). ©: (330K) OI Oje 
(359K, 0-462). -Y. (371K, 0.438); X.(393Ks 0.578), 


4 (403K, 0.315) 
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(Figure III-165(A)). The discrepancy in Figure III-165(B) 
between the liquid and gas cell results js likely as noted 
in methane and ethane. The difference between the two sets 
Of results is about 20%. The gas cell results (Figure III- 
166) also show an increase with the temperature rise. No 
difference can be noted between the (+) and (-) applied 
voltages. The shapes of the curves between the two sets are 
Similars | | 

Gas phase results along the co-existence curve can be 
Seen rom figures iit 167; [1 J-169, ITl-l/loand Itd-i724 
Pienwernerct of decreasing the density is as for the other 
systems. The high field results approach a plateau and 
the field where this bending occurs goes to a lower value. 
The initial zero field value increases.’ 

Figures III-168 and III-172 show the usual minor 
importance of the temperature effect on the free ion yield 
comparéd-tothat of the density. Increases of 20 and 52 
degrees cause little variation in the free jon 


yields. 


There is also no polarity effect on the isochore 
results. in Figure 1 fl=169,-the—lower~two curves also 
belong to the n/n. = 0.5 isochore. Superpositioning 
this curve with Figure III-168 would have all the results 
falling between the (+) and (-) results of the 399K curve. 
The polarity effect in Figure III-171 can be due to 


scatter. The positive voltage results may lie a bit higher 
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FIGURE IITI-165. Free ion yields in supercritical isobutane 
asarunctions of £. ad =-0.222 g/cm, A: all. (+) polarity 
results. Temperatures: ()(408K), A (414K), O (423k). 

B: T = 408K. Polarity of applied voltage [{(-), A 
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FIGURE III-166. Free ion yields in supercritical isobutane 
as functions of E. d= 0.222 g/cm. Temperatures and 
polarities: [1 (408K, .-), A (408K, +), O (414K, -), 
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FIGURE III-167. Free ion yields in gaseous isobutane as functions 
of E. Dis (-) and Ais (+) applied voltage. Temperatures 


and densities: A (406K, 0.156), B (398K, 0.107). 
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FIGURE III-168. Free ion yields in gaseous isobutane as 
fuoctaonsvoteEiendy=e04 111 g/cm>. Temperatures and 
polarities of applied voltage: X (424K, +), Y (424K, -), 


+ (414K,-+),°O- (414K, -),y A (404K, +); Ele (404K, -). 
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FIGURE III-169. Free ion yields in gaseous isobutane as 


functions of E. Temperatures, densities and polarities 
Of applied vortages (Td Vj): El (39PK..0. 089% 4). 
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FIGURE IITJ-170. Free ion yields in gaseous isobutane as 


eUncCIONS.Or BS d= 0.0565 agen, Temperatures and 


polarities of the applied voltages: X (428K, +), Y 
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FIGURE III-171. Free ion yields in gaseoue isobutane as 
functions of E.Qiis (-) and Ais (+) applied 
voltages A: T = 371K, d= 0.0545 ee 


B: T = 352K, d = 0.0350 g/cm”. 
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FIGURE III-172. Free ion yields in gaseous isobutane as 
functions of E. T = 297K, d = 0.0089 g/cm. 


OO is (-) and Ais (+) applied voltage. 


a + 
yeep 


y bei ia "yy # 


a 


308 4 


than that of the negative voltage. In both the 391K curve 
(Figure III-169) and the 297K curve (Figure IJI-172) there 
7s an apparent difference between the results of about 12%. 
nowever, in the 391K, -the’ positive applied, voltage result 
is greater than the negative, and in the 297K, the reverse 
is true. The negative voltage curve is greater than the 

positive. The difference, once more may be due to scatter. 


The fitting parameter G from Table III-21 equals 


tot 
fey (using,all values where d <,0,089 g/cm>). Previous 

values of the low density total ionization yield give 4.3 
mecelapre [-]). “The present result is 9% higher. Agree- 


ment can .be considered ,to..be fair. 


Data for isobutane are summarized in Table III-21. 
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TABLE III-21 


Summary of Free Ion Yield Results for Isobutane® 
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Positive voltage results in brackets 


Static dielectric constant 
Most probable thermalization range. 
Tone AGe ed = "10.222 g/cm> 
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hOepolanity erfect beyond the/scatter of the data (=102%) 
suo hes) US inttygures II1-173 and III-174(A) were 
BrLoined with al high pressure liquid type conductance cell. 
iiemrest Were Obtained with a high pressure gas type scell. 

Evaqutd phase results appear in Figure T1I-)/3 ihe 
srowest ‘two Curves are varying superlinearly-with electric 
field strength. The upper two are varying linearly with E. 
peecodegrecs. below the critical point, theefree ion yielde 
PecuSt?liesiat! Compared to the low density: gas Get? 
haivch equates 3.90(See Table 1-1). This is true even at 
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von yield™=in= the iene JuSsStwbefore, the critical point was 
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moe starting to bend== Note, that the ae jon yield has 
changed a fair amount in the liquid from 279K to 281K and 
over the two degree range from 281K to 283K. 

The effect of decreasing the density along the co- 


existence curve can be seen from Figures III-175, I11-1/77, 
Pew Ceo Hadelel» The density attained ts Tow 
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FIGURE III-173. Free ion yields as functions of E in liquid 
ethene. Temperature, densities and polarities of the 
applied voltages (T,d,V): OF (173K, 0.566, -), A (173K, 
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FIGURE III-174. Free ion yields as functions of E in super- 


Critical ethene. d = 0.22 g/cm”. Temperatures and 
polarities of the applied voltages (T, V): 
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Liquid type cell results 
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Gas type cell results. 
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FIGURE III-175. Free ion yields in gaseous ethene as functions 
of E. Temperatures, densities and polarities of the 
applied voltages (T,d,V): + (282K, 0.157, +), O 
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FIGURE III-176. Free ion yields in gaseous ethene as functions 
Of-E. d= 0.0/62 g/cm? Temperatures and polarities of 
the applied voltages (T,V): X (294K, +), Y (294K, -), 
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FIGURE III-177. Free ion yields in gaseous ethene as functions 


of E. Temperatures, densities and voltages (T,d,V): - 
+ (265K, 0.074, +), O (265K, 0.074, -) A (256K, 


0.056.) +), El (256K, 0.056) 5--). 
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FIGURE III-178. Free ion yields in gaseous ethene as functions 
Saeed U.0s/ g/cm>. Temperatures and polarities of 
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FIGURE ITI-179. Free ion yields in gaseous ethene as functions 


of E. Dis (-) and A is (+) applied voltage. 
A: T = 241K, d = 0.036 avon: 


B: T = 226K, d = 0.022 g/cm* 
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FIGURE III-180. Free ion yields in gaseous ethene as 
: 3 


functions of E. d = 0.0088 g/cm . Temperatures and 
polarities of the applied voltages (T,V): Y (297K, +), 
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Free ion yields in gaseous ethene as 


functions of E. Dis (-) and A jis (+). Applied voltage: 


A: 
B: 
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203K 
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III-180 and III-181); otherwise, the curves have qualita- 
pve featinesrastiena ikanes.|;Decreasing density leads. to 
an increase of the high” field free jon yields up tosa maxi- 
mo. thertaeld at which this maximum isitattained shifts to 
a lower value as the density decreases. 

prounese (il 1765 TTT 178 ard 111-180ehow themeenponee 
ture effect along isochores where n/n. = 05355.) -O2 akan 
0.04, respectively. There may be an increase for n/n. z 
Meso, but the other two show no clear variation gredter 
moan the scatter in>-the data sets. 

The free ion yields in the ltast two figures seem in- 
dependent of the field strength at high fields. The 
experimental points are clustered about 4.0. This agrees 
well with the total ionization yield obtained in the low 
Bensity gas of 3.9 (see Table I-1). 


Data for ethene are summarized in Table II1I-22. 
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Table III-22 


summary of Free Ion Results for Ethene@ 


‘J d Ey A Gs ot ban bd 
Ke | Ce i oe sie 1078 em 107° g/cm 
173 0.566 1.82 ‘0.011 2.0 ney 30 
(0.010) (2.0) (52) (30) 
239 0.452 1.62 0.040 2.0 7] 32 
(0.039) (2.0) (71) (32) 
279 0.302 1.49 0.14 3.0 95 Re 
(0.14) (3.0) (95) (29) 
28] fearon 16350 Jee70 of 110 31 
| (0.19) (3.5) (110) (31) 
283 0.227 1.27 0.29 3.0 160 35 
(0.28) (30D) (185) (34) 
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TABLE III-22 (continued) 


Results from positive applied voltage in brackets. 


Static dielectric constant 
Most probable thermalization length 
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Data Por propene appear , in Figures T1T-182 tome hoe 
Results in Figures ITI-182, I11I-183 and I11-184(A) were 
obtained with a high pressure liquid type cell. The rest 
were obtained with a high pressure gas type cell. No polar- 
mey e;fect exists: 

iWiestrends- an ithe Tiquid phase resemble those invethenec: 
Throughout the liquid range, the free ion yields remain low. 
aoe lowest two temperatures,.-231K and 254K (Figure Di1- 
Hoe), the free ion yield-turve is increasins superlinearly 
Meu the electricwtield. ‘At 296K (Figures. 111-182 andeiig- 
Hes), theeeurve is .almos.t-linear though there may be a 
Sagit Upward bend. The, curve for 318K is linear, while 
eta bu) On ooO0K may have-aslight deninucnrceaeere (Pi:gure-i TI< 
183). The curve at 364.5K is definitely bending downwards. 
fie Tree 10n yield(has increased smoothly as the temperature 
was increased. 

Aboweiaieacratital <point,, there iis hitherdi ference 
between? results obtained: in a’ ]fquid type cel4d) or a ‘gas 
type cell (Figure III-184). Increasing the temperature 
from 365K to 368K to 370K does not noticeably raise the 
preceaon yield. The bend in the curve 7s shirt. 

The temperature effect on isochores where n/n. 
Pete. -5.0and 0.13 can be seen from Figures III1-1386, III- 
187 and 111-188, respectively. There may be a slight 


increase, but most likely any difference is due tOsscCetrer. 
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FIGURE III-182. Free ion yields in liquid propene as 


functions of E. Temperatures, densities and polarities 
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FIGURE III-183. Free ion yields in liquid propene as functions 
of E. Temperatures, densities and polarities of the applied 
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FIGURE III-184. Free ion yields in supercritical propene as 


Punerrorse 1 ts d= 0.232 wien. Temperatures and polarities 


of the applied voltages (T,V) 

Preeimaec ce) 4 365K, —), © (368K, -Jyb (sbeke) ae 
LOK eek. (370K, -) Liquid cell results. 
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FIGURE III-185. Free ion yields in gaseous propene as functions 
of E. Dis (+) and A is (-) applied voltage. 
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FIGURE III-186. Free ion yields in gaseous propene as functions 
yee. veces a0) 31 1G g/cm>. Temperature and polarities of applied 
voltages (T,V): 

A: 1 (366K, +), A (366K, -), O (368K, +), + (368K, -). 
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Examination of the gas phase results (Figures III-184 to 
II1I1-189) shows similar trends to those noted in the other 
hydrocarbon Systems. Decreasing the gas density from the 
mpercritical siutd to 0.200 g/cm>, then 0.150 g/cm? 
(Figure III-185) leads to a definite bending of the free 
momeyield curve. At lower densities, the free ion yields 
are bending over towards a maximum but insufficient field 
strength did not allow the value to be actually ceneneene 
as in ethene (Figure III-181). Even at d = 0.235 g/cm, 
E = 16 kV/cm was not quite enough to attain the maximum 
plateau (Figure III-189). 

Theswalue of the fitting parameter Gent equals 4.1 
for curves where d < 0.029 vom: Or 3hb fOr ele 
acm. The low density gas phase total ionization yield 
is 4.0 (see Table I-1). Agreement is within about 10%. 


Data for propene is summarized in Table III-23. 
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FIGURE III-189. Free ion yields in gaseoue propene as functions 


Sib weste= 290k. d = 950235 g/cm. is (4) cand: tee 


applied voltage. 
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TABLE IITI-23 


Summary of Free Ion Yield Results for Propene® 


T d ey Ge at Bm 
Ko eM rok id, were ae 107° cm 
231 0.605 2.05 0.037 3.8 4 
(0.037) (3.8) (44) 
254 0.578 1.82 0.047 3.8 50 
(0.47) (3.8) (50) 
296 0.512 1.87 0.095 3.8 55 
(0.095) (3.8) (55) 
0,083 3.8 52 
(0.085) (3.8) (52) 
318 0.472 1.80 0.12 3.8 58 
(0.12). (3.8) (58) 
350 0.380 1.61 0.22 3.8 76 
(0.22) (3.8) (76) 
364. 1 ec a 3.8 120 
(0.39) (3.8) (120) 
365 ieee) ibe B46 bub 135 
(0.46) (4.6) (135) 
368 bezee) 1.830.487 Ve: 135 
(0.47) (3.6) (135) 
370 ieee) 33" | 0.47 ae 135 
(0.47) (3.6) (135) 
368 grasps qia3con ip ae 05 140 
(0.48) (3.6) (140) 
365 pee32" 4,33 °-0.48 ave 140 
(0.47) (3.6) (140) 
364 0.200 1.24 0.54 ae 160 
(0.53) (3.6) (160) 
361 0.158 1.13 0.68 a5 210 
(0.68) (3.5) (210) 
368 0.116 1.12 0.92 a: 270 
(0.93) (3.5) (270) 
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TABLE III-23 (continued) 


366 Se SS ee ad O93 SERS) 270 3] 
(0.92) So oy (270) (31) 
362 Oot, #112 0.98 36 280 oy 
(0.99) (3.6) (280) (32) 
358 Vie Sa pe 0.91 3.4 280 32 
(1.0) (oes) (310) (36) 
388 O30575e 116.07 1a Pasa 490 28 
3} C2) (510) (29) 
367 eo Oi 51.2 2a 520 30 
(132) (27) (520) (30) 
348 0505754 4). 62 Mez Lan 540 3] 
2) (2.8) (490) (28) 
38] D020) 03 2.0 4.1 1090 32 
Waele (4.1) (1040) (30) 
S57 0-029) «- 1.3 25h 4,1 1090 oe 
(20) (4.0) (1020) (30) 
318 G20297 03 2.6 4.2 1030 30 
(2¢5) (4.3) (890) (26) 
305 D020. .. ol. 03 nO 4,1 1100 32 
(2.6) (4.0) (1200) (35) 
296 Ur0ce3so. 1.03 220 eee) 1300 3] 
(2.4) (4.0) (1100) (26) 
a. Positive voltage results in brackets 
b. Static dielectric constant. 
C. Most likely thermalization distance 
cm i = 365K d. = 0.232 g/cm 
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Free ion yields for cyclopropane appear in Eur es Ale 
Brees Wo 107. Data in Figures 111-190 and tatevanere 
collected by a liquid type high pressure conductance Pert 
The other results were obtained with a gas type high pressure 
cell. No difference between results obtained with positive 
or negative voltage is apparent for d > 07056 g/cm>. The 
difference between the results at lower densities is likely 
eve, to scatter. 

In the liquid (Figures III-190 and III-191), the free 
mon yield curves “are like those of the alkenes. The values 
moecne free ton yaelds areelow up to the critical poin#, 
though near the critical region (393K). and at the @ritical 
region, the value is greater than in propene. This inter- 
mediate behavior between that of the alkanes and that of the 
alkenes is another example of the dual nature of cyclopro- 
Pemne. At 254K (Figure I11-190), the free ion vield 15° nottce- 
Mmevecstperianear with respect to E.. At 296k, this is stiig 
maeebut is tess noticeable. At 332K, the’ free 10neyielagas 
linearly dependent upon E. Further heating of the liquid 
to 367K, then to 393K (Figure III-191) leads to the onset of 
bending of the free ion yield curve. In the critical region 
(398K), the bending is fairly noticeable. Increasing the 
temperature 1K leads to no separation. Higher temperatures 
were not attempted since the high critical pressure can 


easily shatter the conductance cell. 
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FIGURE III-190. Free ion yields in liquid cyclopropane as 
functions of E. Temperatures, densities and polarities of 
the applied voltages (T, d, V): O (254K, -), A (254K, +), 
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FIGURE III-191. Free ion yields in liquid and supercritical 
cyclopropane as functions of E. Temperatures, densities 

and polarities of the applied voltages (T, d, V): C1 (367K, 
Oea70, +), A (367K, 04470, -),. O (393K 02342.e=}, aw h39SK. 
0.347, +), Y (398K, 0.248, -), X (398K, 0.248, +), 4 (399K, 


Dieta, +), X (399K, 0.248, -). 
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Results obtained in the gas cell for the supercritical 
mac appear in Figure IT1-192. The 10% difference compared to 
the liquid cell results is due to the gravity effect. 

In the gas phase the behavior parallels that in ethene. 
foevemperature effect occurs along isochores -where n/n. = 
Meso (Figure T1i-194{A)), 0.25 (Figure I1I-195), or 0.099 
mprgune: 111-197). For n/n, = 0.099, the apparent difference 
is due to the high degree of scatter at that density. De- 
creasing the density along the co-existence curve leads to 
Die appearance of a~free ion yield plateau at high field 
perengtns. As before,the threshold field shifts to a 
lower value as the density decreases. A unique value for 
the threshold field cannot be determined due to the gentle- 
Mmessceon the bend. At 297.7K (Figure III-193), the bend is 
fe tole- more than in the supercritical fluid... -At.396K, the 
bend is a bit more noticeable. At 385K (Figure III-194), 
mae higher field portion of the curve is flattening off. 

At 358K this is a bit more noticeable (Figure III-196). The 
zero field free ion yield has been increasing all the while. 
At 296K, the plateau dominates. The plateau seems to have 
already dominated the curve by 321K (Figure Piao 

The high field free ion yields at the lower two 
densities appear scattered about 5.0. This is also the 
needed value of the fitting parameter G,., for dS 0.11 
e/em® (Table I11-24). This value js 19% higher than the 
low density total ionization yield of 4.2 (see Table I-1). 


Dataetor cyclopropane are summarized in Table III-24. 
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FIGURE III-192. Free ion yields in supercritical cyclopropane 


Bs munctions of E. d= 0.248 g/em®. Temperatures and polarities 
Gf the applied voltages (T,V): © (398k, -),. A. (398K, 4), 


BOS Kei) petal 99K, +). 
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FIGURE III-193. Free ion yields in gaseous cyclopropane as 

functions of E.. Lis. (-) and. Ais, (+), applied, voltage: 


Doe S077 pode = O21 g/cm* 


Bogie oak) d= 0.185 9/cm" 
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FIGURE III-194. Free ion yields in gaseous cyclopropane as 
functions of E. Temperatures and polarities of the applied 
Pome eree week) X) (398K,3), Y (398K, =), + (394K5 4), 0 
(394K, -), A (387K, +), O (387K, -) d = 0.115 g/cm? 


3 
Pre och. -);, A (385k, +) d = 0.11 g/cm 
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FIGURE III-195. Free ion yields in gaseous cyclopropane as functions 


Of E. d = 0.0611. Temperatures and polarities of the applied 


voltages: 
Preto e04 h(t) OO (404K =), A (395K, 4); deL(895Kan =) 
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FIGURE III-196. 
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Free ion yields in gaseous cyclopropane as 


Ol is (-) and A is (+) applied voltage. 
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FIGURE III-197. Free ion yields in gaseous cyclopropane as functions 
of E. d = 0.0245 g/em®, TEmperatures and polarities of the 
applied voltages: 

A: + (406K, +), O (406K, -) A (396K, +), 0 (396K, -) 
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TABLE IITI-24 


_ Summary of Free Ion Yields in Cyclopropane® 


T d : a Ge, Got s, bd 
K g/cm . TO ecm 10" g/cm? 
254 0.656 hae fouae 4.6 Ry es 
(Q,075) ~ (4.6) (54) (35) 
296 0.602 ‘ita LY 4.6 59 36 
forty ia. 6) (59) (36) 
332 0.544 atanl Me teey 5.0 67 36 
fo 21y. © 5-0) (67) (36) 
367 0.470 1.57 0.33 4.8 82 39 
(ony) /{L.8) (83) (39) 
393 0.347 1.40 0.60 4.8 120 4) 
(0.59) (4.8) (120) (41) 
398 Mere ee 27 10.03 4G 180 44 
(0.93) (4.6) (180) (44) 
399 ia ad oy. 0.93 4.6 180 44 
(0.93) (4.6) (180) (44) 
399 Pete eer. 1 4.6 200 50 
an) (4,6) (200) (50) 
398 Moe” 1.27 11 4.6 200 50 
(1.1) (4.6) (200) (50) 
397.7 0.21 | ed es: 4.6 240 51 
(1.3) (4.6) (240) (51) 
396 0.185 ihe racials IS 4.6 280 52 
(1.5) (4.6) (280) (52) 
398 0.115 Teds 2.0 4.7 400 46 
(1.9) (4.7) (390) (45) 
394 0.115 fel 129 4.6 410 47 
(1.9) (4.6) (410) (47) 
387 0.115 hes 2.0 4.6 420 48 
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Table III-24 (continued) 


at 


Positive applied voltage results in brackets 


Static dielectric constant 


Most likely thermalization distance 


is = 398K 


0.248 g/cm> 
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Known volumes of SF ¢ at atmospheric pressure were con- 
densed into a high pressure cell. Isobutane was added so 
that the total number of moles equalled Nn. for pure isobutane. 


Mmieecotal amount. of SF ¢ added equalled 0.15, 1.2, 4.9 and 
Peoemol 2 when the entire sample was in the gas phase. All 
the results in Figures III-198 to 201 were obtained with 
Mic applied voltage. Sample negative voltage measure- 
ments for the 1.2 and the 4.9 % samples agree within 2% 
to the positive voltage results at all temperatures measured. 
Free ion yields were determined in the liquid phase at a 
number of temperatures between room temperature and the 
emoercritical region. The eon: are summarized in Table 
IT1I-25 

mirerexvact so;ubility of the SF ¢ in isobutane as ons 
known. A previous calculation (232) for measurement of 
free ion yields in neopentane with SF, (142) assumed that 
the solubility will be the same as cyclohexane. The solu- 
bility in cyclohexane about room temperature is about OAL Oey 
mol % for a partial pressure of 1 atmosphere. Assuming 
womrcobitane is in the cell, the pressure corresponding 
to the number of moles of SF, added at the measured tem- 
perature can be calculated from the figures in Chapters 
and the appendix in ref. (231). These values are tabulated 
Mmighie T11-25. Since the solubilities in cyclohexane 
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reduced temperature CU for jsobutane Gs = 550K for 
cyclohexane compared to 408K for isobutane), the solubility 
of SFe is likely less (for a partial pressure of 1 atmos- 
phere), On the other hand the high pressures for the Samples 
with more SF, are likely to increase the solubility of the 
SFe. Also the solubility curve is known to rise as the 
ericical point is approached. If the amount of SF ¢ dis- 
solved does not exceed about 50% of the total number of 
moles of SF es tniss represents no: more than 5% of thertoeal 
number of moles of SF ¢ inthe sample. For the calculations 
of the free ion yields the bulk density was assumed to be 
about the same as the pure isobutane at that temperature. 
mreneabout the critical point in the 9.5% sample, this 
would introduce an error of no more than about 20%. The 
minor role of the SF ¢ on the P-V-T properties of the mix- 
tures can be seen from the temperature where the sample 
Wemteogaseous. The apparent critical points were  406217K 
fen e 0215, 1.2, and the 2.5% samples, and 406 4+ 7) k 
for the other two. Calculating the expected critical 
Pome by the method of C. C. Li cited on p.140 of Pete 
/2e1)) leads to a value of 401K which is a difference oF 
1% from that observed. 

Examining the curves, the addition of SF¢ is seen 
to have decreased the free ion yields in comparison to 
those of pure isobutane over the same temperature range 


(Figures oes and 111-165). The shepes of the curves 
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have also changed. For the 0.15% sample all the curves are 
maeesublinearly dependent on-E (Figures I11=198). little 
change is noted as the amount of SF ¢ added goes to 1.2% 
Peapogure 111-199).’ For the 4.9% mixture the free ion 
yields decreases yet more (Figure III-200). 

There is another decrease though less,when the amount 
of SF, is increased |to 9.5% (Figure III-201). At the lower 
temperatures of the 9.5%,the free ion yields are super- 


inearly increasing with E. 
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FIGURE ITI-198. Free ion yields in liquid isobutane + SF 
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[SFE] = 0.15 mol % when T > is (408K). Temperatures are: 


Petco), 4 (366K), O (395K), + (408K). ¥ (412K). 
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FIGURE III-199. Free ion yields in liquid isobutane + SFE. 


SF] = 1.2 mol % when T be I (408K). Temperatures are: 


Esher A (3926 tO (408K). ) +. (4l1K). 
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FIGURE IlI-200. Free ion yields in liquid isobutane + SF 


are: 0 (338K), A (380K), © (408K), + (411K). 
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[SF] = 4.9 mol % above the critical point. Temperatures 
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FIGURE III-201.Free ion yields in liquid isobutane + SFe. 
[SFe] = 9.6 mol % above the critical point. Temperatures are: 


M93) (335K). (376K)...+-(409K), Y (412K): 
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TABLE 111-25 
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0.096 
O15 
sO yraes) 
0.48 
0.48 


4.2 
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4.3 


temo. e SFe 
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4.2 
4.2 
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4.9 mol% SF, 


4.2 
4.2 
4.2 
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9.5 mol% SFe 


4.2 
4.2 
4.2 
4.2 
4.2 


Used values from pure isobutane 
Calculated by a linear mole fraction interpolation 


Estimated pressure of SF¢ in the cell, neglecting the influence 


Of the isobutane. 
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Ae Electron Mobility 
1. Methane 


The two variables investigated were the electric field 
Strength and the temperature. Each will be discussed first 
for the low density gas. The variation of the effects will 
‘then be examined as a function of fluid density. 
Perowetecaric fie la cisgect 


i) Low Density 


The electron mobility in methane at 6 x 102° 


molec/cm> 


is field dependent at E/n > 0.012 Td (Table III-1). The 


aearrtcavelocity at {E/n) is usually compared to 


threshold | 
the low frequency velocity of sound Cy in the saturated 
Mopar e(70.71,223,234)2 jXtaz x 10'9 < n < 100 x 10), 6, te 


PoOetalo m/s (225). A number of methane mobility curves 
mom chapter [II are plotted ‘as drift velocities in 

Figure IV-1. The curves furthest to the right along the 
E/n axis are for the lowest densities. At the low den- 
sities, the drift velocity becomes superlinear with E/n, 
that is electron heating becomes noticeable, at a thresnold 
Pelocityloti2704+ 30gm/si ~The ratio Wahibrccnotaeto 
equals. | ..0 3 0.1, implying that the dominant process 
moderating the electron energy in this density range is 
elastic collisions (178,180). Increased inelastic con- 


tributions would increase this ratio(70). A] thire 
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FIGURE IV-1 Electron drift velocity plotted against (E/n) 

in liquid and gaseous methane (1 Td = ie!” V cm*/molec). 
Densuties, and temperatures {(n/l0"pgatgeq Bh & Ue oem lec/ 
preg} = 15.5, 122K; ¥o4.10e2. 178k, oe 


Pemieei bet. 193%76 6.1, 196K; V2.2, 1AOKse og 
5h O:* co £16 2°72 4K. 
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Quantity that is constant at low densities is un along the 


coexistence curve. 


MET rect .o¢ Density 


Plots of (E 
( Oneshot a and a threcnea AV Ute eens 


old/c. » and un as functions of density are shown in 


Figures IV-2 to IV-4. Increasing n above 8 x 10°? 


leads 
to a change in all four quantities. The decrease in un 
is attributed to quasilocalization of the electrons by 
Van der Waals clusters of molecules (233). This is an 
inelastic process which causes an increase in the other 


three quantities. At n> 6 x 102! 


] 


a sharper increase to 
Becusp at ~8 x 10° occurs for the threshold curves. Only 
the un curve increases smoothly Ebrouan this density, by 
more than an order of magnitude, to reach a maximum at 


a molec/cm>, This large increase is caused by 


mex 10 
conduction band formation. These features are similar to 


those of the Xe wn curve (also shown in Figure IV-4) , 


The cusp in ees held and (yt) oeeaenaae occurs 
because dyu/dE changes sign at 8 x ie molec/cm> (see 
Pape TIT-1). At 8 x vies increases in electron energy 
cause little effect on the mobility. On the high density 
siae of the cusp, the Edn) pee ata returns to a value 
near that of the low density gas, consistent with the 
single-scatterer approximation of the Cohen-Lekner model 
of electron transport in liquids of sphere-like molecules 
(178,180). It should be noted that the scale of the 


high density side of the cusp 
Meiirechoid curve on the hig 
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FIGURE IV-4. Plot of un (low field strength limit) against n for thermal 
electrons in the coexistant liquid and gas phases of methane 
(O) and xenon (A, ref. 233). The arrows mark nN.» Some 

of the methane points are averages of two sets of results 


at the same density. ® , methane at T. + 3 = 194K. 
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is 1/10 of the scale on the low density side (Figure IV-2). 
were is a 40-fold increase (also can be seen from Figure 
IV-1). This difference is once more consistent with the 
Bone ekner model which has worked well for simple liquids 
near their triple points (185,234). The scattering cross- 
section of the molecules is assumed to be reduced by the 
Bond wavelength limit of the structure factor, S(o), so 
Bioeethe electron mobility at high densities Und is reduced 
from the low density mobility Hag by the increase of this 
pacyor. 


Ung = Hygq/S(0) (1) 


S(o) = nkTX+ (2) 


where k is the Boltzmann's constant, and XT is the iso- 


r 


thermal compressibility at n and T (235). At low den- 


Peyess 5 (0) = 12.°> According to this: model 


Pee ani a) chrecnold eo name 


at high densities at low densities 


In liquid methane at 95K, n = 1.6/7 x io and S(o) = 


0.033 (236). A 30 fold increase can be expected which 


accounts for much of the 40 fold increase observed. 


to 8 near the 
The eee vrechold.<o curve returns 


triple point. In liquid argon, krypton and xenon where 
inelastic scattering is negligible, the ratio is approx- 


imately unity (234). The much larger value in liquid 


methane indicates the greater role of inelastic processes 
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in moderating the electron energies even at e€ < 0.1] eV. 


b. Temperature Effect 
i) Low Density Gas 
An Arrhenius plot of the gas phase mobility from 

Table Il1-1! is given in Figure IV-5. The variation of the 
low field mobility with temperature can be used to get the 
energy variation of the electron-molecule scattering cross- 
section One Values of om estimated from the curve labelled 
0.71 in Figure IV-5 are shown in Figure IV-6. Earlier re- 
fees 1/,19,52553,56) are reliable at €2.0.1 eV but not 
at lower values since experimental measurements were made 
at E/n > 0.2 Td (above thermal energies) only. The Max- 
wellian distribution for 200K indicates that the energy 
range that affects the transport of the thermal electrons 
mee 002 < « < 0.2 eV. Use of equations (19) to (21). of 
Chapter 1 gives 


Binal 0.0102 ee tems (4) 


over the temperature range 117 < T < 297K, where v is 


1 m * 
a7.3 X 10° oe Taking an average cross-section (assuming a 


Maxwellian distribution ) leads to 


Oo = <v>/<v/o> 


av 

jon hl Pee 

pire hay /b;0(5/2-3/2) (5) 
2kT 


i 
where e is the electronic mass, k Boltzmann's constant, 


T(5/2 - 3/2) a gamma function and j and b are fitting 
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FIGURE IV-5. Arrhenius plot of thermal electron mobilities (low field 
Strength limits) in methane gas at different densities (O). The 
numbers labelling the lines are the densities in units of 1029 
molecule/cm>. Mobilities in the gas along the vapor/liquid coexist- 
ence curve are represented by 4. The line through the data for 

Rox 1019 molecules/em® was calculated from equation (20) of Chapter I. 
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parameters defined as for equations (19) to (21) of Chapter 


im For methane at 300K, eee #1, Os 1097/6 cm?. 


The effect of density on un can be seen from Figure 
IV-4 and has been briefly discussed above. The variation, 
mremoptlity at n > 6.1 x 10 aie is more clearly shown in 
moire 1V-7. The mobility drops as the density is in- 
creased along the co-existence vapor (open circles). A 
minimum is reached in the vicinity of the critical region. 
Further increases in density (dark circles) lead to an 
increase of more than an order of magnitude. A maximum 
is attained. Further increases in density lead to a 
minimum, and then another increase. The sharp rise in 
mobility adam > 661 xX 10°! is due to the conduclion, sana 
formation. The maximum indicates the position where the 
long range attractive forces and the short range repulsive 
forces best balance each other. At higher densities the 
decrease is due to the dominant short range repulsions. 
Liquid phase measurements of earlier workers are shown 
for comparison. 

Through the range 0.6 < n < 6.1.x Tie molec/cm> » the 
quasifree electron mobility ue? is: incneas ing. (58).al— 
though un is decreasing at 0.6 < n < 2 xX vert (Rigunea lie 
ee lt the low field (E/n < 0,06 Td) mobility ¥ 293K 
(non) / 


is used as a measure of uw? (6a), the ratio jos n 
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5 6 7 8 9 10 1 
1000/T(K) 


FIGURE IV-7. Arrhenius plot of thermal electron mobilities (low field 
Strength limits) in the coexistant liquid (@) and gas (©) phases. 
Values in the superheated gas at the critical density are indicated 
by O- . Results from references 127 (V, 5.1 MPa), 96 (Q)) and 

109 (4) are included for comparison. 
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0 
(un) is 1.05, 1.25 and 3 + 1 (extrapolated) for 
20 20 


20 
meee x 10° , 11 x 10 and 61 x 10°", respectively. The 


low density 


un at any value of n and T depends on the fraction of 
eeeetrons in the quasifree state.: In the dense gas. the 
localization occurs on sites which may be regarded as 


density fluctuations. 


medium —— _ site (6) 
e qf TE Ao ecrearseetie ae CA} 
where e qf is the quasifree electron and e 1c the local- 


ized electron. The concentration of the site depends on 


the free energy change of equation 6, that is 
ke = [site] = exp[-AG./RT] (8) 


where Ke is the equilibrium constant »>and R is the gas 


constant. The equilibrium constant for equation 7 is 


Ks a Eee; oa! (9) 


Le faye ] 
and since the fraction of quasifree electrons f is 


f = fe g¢/Le gel + [etuanb 


-1 
Haag 1 bee a 


-] 
{] + [site]k,} 
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then ; 
{EQien) fun] ~ th= [sitedK, (10) 


and by using equation 8 


f -(AG. + AG_) 
log§i(u on) /un] : ne aia Hee 
RT 
AS AH 
ot hee Cees Ca) 
R RT 


E ) 0 = ) 0) 
where AS AS 6 ES 7 and AH AH 6 + AH 7° 


log {£(u°n),/un] a versus T7| gives a line with a slope of 
] 


oy Rel and an intercept at T ' = 0 of (AS/R). The (u°n), 


A plot of 


at a given n and T was’ estimated using the 0.71 curve of 


Figure IV-5 to get (u°n) and multiplying it by 


low density 
(wn) /(u?n) from reference 58. Values are 


low density 

fapulated in Table IV-1. At each density AH 2 TAS, or 

AG ~ 0 as expected near the co-existence curve. AS/S(0) is 
approximately -19 J/mol-K. AS is approximately proportional 
to S(0) which is related to the magnitude of the density 
fluctuations. The density fluctuations and hence the 
Bente] and extenteof guasilocalizationare largest in the 
co-existence vapor and decrease as the gas is heated at 
constant density. The black dots in Figure IV-4 show un 
at > T There is no noticeable difference 


co-existence’ 
2 19 


between un at n = 1 x 10 compared to. 7 x 10°” . [he Mecregse 


in quasilocalization upon heating is also reflected ina 


decrease in threshold E/n values as the temperature is 


increased along an isochore (see for example the decrease 
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at feo. 1x10" when the temperature was changed from 192K to 


196K in Table III-1). The decreasing threshold field is a 


reflection of the decreasing threshold drift velocity. 
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2.  n-Alkanes 
Data for ethane, propane and n-butane are taken from 
maples Iii-2, I1l1-3°and Ibi-4; respectively. 


Seer ectriG fipid Eifect 
i) Low Field Strengths 


The mobility is constant at low field strengths. In 
Figure IV-8 the low field values of un are plotted against 
n for the coexistence fluids. The arrows indicate the 
critical points. The curves for the different systems do 
not cross . Increasing the length of the carbon chain in- 
creases the average cross-section at all densities. At 
all densities the curve for ethane is above that for pro- 
Pane, which is above that for n-butane. 

There are similarities between the different systems. 
At low densities un is independent of n. In this region 
the electron-molecule scattering cross-section is deter- 
mined by single body interactions. At higher densities 
quasilocalization occurs, leading to a decrease in un. 
This happens at n/n. = 0.37 (ethane), 0.25 (propane) and 
M213 (n-butane). As nis increased further, conduction 
band formation causes un to increase once more. The 
curves pass smoothly through the critical region, attain 
a maximum and then drop steeply. The sharp decrease is 


caused by electron localization. 


mh) Threshold Field Strengths 


Figure IV-9 shows the threshold fields (ESD) oeenetd: 
Reon < 6 x 107° the threshold field in ethane is about 
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FIGURE IV-8. Density-normalized mobility plotted against n. The 
symbols represent ethane (C.), propane (©) and n-butane (A). 


7 
5 
‘ 
5 = 
t. 
je 
r 
’ 
t 


° A ear wos 7 Pemrvon-ys toned Ba! 3auer ae 


ety ET 


54 etpe " iii: 


soqerg alba onedie sagesige? 2TOUNE: A 


424. 


EE gO ) aueyng-u pue (v7) ouedoud 
*(©) aueyqa quasaidau sjoqui%s ‘u ysuLrebe pazqo_d (u/¥) pLoyseuu, “6-AI 4UNDTS 


(-WD/ $9jNe}OwW) u 


mel! ie 9 2! g 10 I 


U/3 PlOYyseosy | 


4" 
ta 


a 


: 


33% usneeE CoNsub 


oo oa 


- 


- 


. . hd aa 
Lyorporg BW ay 


425. 


peeves’ Id; a factor of 2 larger than in methane COMO ity 


Pes 3.2 X 10°3 molec/Vcms So that (Vey canna is 
770 cm/s. Since the low frequency sound velocity Cy Us 
“is pele A ece) Oe ene acholyd’ Co. ee 
reflecting the greater importance of inelastic processes 
in ethane compared to methane. As for methane, du/dE on 
the low density side of the cusp is positive, and on the 
high density side of the cusp,negative. At the cusp, 
du/dE ~ 0 which can be taken to mean that the Ramsauer- 
Townsend minimum is at thermal energy. In liquid ethane 
Bee2z94K, du/d—E is still negative and (E/n) is 
2] 


threshold 
(306K) < n < 7.1x10°! (294K) , 


0.1 Td(129). Between 4.1x10 
the threshold decreases from 0.35 to 0.1 Tde Atm Or 
ma) <- 216K, du/dE is positive again. The positive field 
effect at high densities is related to field assisted escape 
from the cd states{ 120,129,202-204).. This thresnoid 
Bccurs at fields near 10° kV/cm. 

In low density propane gas, the threshold E/n is about 
weoo) id. a factor of 3 larger ‘than in ethane. A cusp occurssat sa 
density near esi (also see Table I11-3).The du/dE isepos- 
itive on the low density side of the cusp,negative on the high 
Pensity Sidessand zero dtythe cusp.) The threshold field changes 
by an order of magnitude across the cusp. At T<218K, a positive 
field effect due to field assisted release from the 
electron traps is observed (120). In analogy to ethane, a 
transition to a negative field dependence should occur at 


a temperature between 218K and the critical temperature(370K). 
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In n-butane, du/dE is positive for the entire density 
range. No cusp is observed. Measurements could not be 
extended to densities near the critical region. No liquid 
phase threshold fields have been reported. A previous re- 


ks also showed dp/dE as 


Mmeereported at in = 3.5 x 10 
positive with a threshold field of about 0.9 Td (64) in 

fair agreement to the present estimate of 1 Td. Even at 
-low densities, the position of the Ramsauer-Townsend minimum 
has either not shifted to thermal energy, or else the 

dip may be too small to allow determination from the 
experimental data. From the temperature dependence of 

the low field drift velocity the energy of the minimum had 
been estimated to occur at e« = 0.13 eV and to be of a sharp 
parabolic shape (64). The position of the minimum is 

about the same as that of ethane. The sharp minimum can- 
not be correct else the field effect would be much more 
pronounced. The temperature variations of the low field 
mobility in both the previous (64) and present (Figure 
IV-12) works are too small to indicate a drastic 


change in cross-section over the range of the Maxwellian 


@istribution (e€ < O.i2 eV.) 


b. Temperature Effect 
i) Gas Phase 
Gas phase thermal electron mobilities along the co- 
existence curve are plotted in Figures IV-10 to IV-12 as 


functions of ee From the isochores, the mobility 
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FIGURE IV-10. Electron mobility in gaseous ethane along the co- 
existence curve (QJ) and above it (O) plotted against ie The 
dashed line was calculated using equation 20 of Chapter I. 
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FIGURE IV-11. Electron mobility in gaseous propane along the co- 
existence curve (CJ) and above it (O), plotted against T . The 
dashed line was calculated using equation 20 of Chapter I. 
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FIGURE IV-12. Electron mobility in gaseous n-butane pe the co- 
existence curve (CJ) and above it (O) plotted against T . The 


dashed line was calculated using equation 20 of Chapter I. 
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can be seen to increase at all densities with temperature. 
The decrease for the co-existence conditions reflects the 
miecease in. h with the increase in T. 

The low density mobility as a function of T can be 
used to extract the average cross-sections for the three 
alkanes in the same manner as for methane. The variation 
of the momentum-transfer cross-sections with electron 


velocity v can be expressed as 


Soe 


ethane o, = 1.72 v (12) 
Propane o, = 4.08 x 1072 y 71-92 h3") 
n-butane o, = 2.70 x TOe vee (14) 


which, when integrated by equation 5, give average cross- 


-1 
Sections (in units of 10 cm*) 


of 3.9 (ethane), 11=(pro- 
pane) and 13 (n-butane), all at 300K. 

Increasing the density increases the temperature 
coefficient along the isochores. The values are given in 
Table IV-2. Application of the quasilocalization model 
(equations 6 to 11) can only be applied to ethane. eid ae 
can be obtained or extrapolated from the low field data 
in reference 66. For propane, the electrons at the lower 
fields are still localized. No data for n-butane exist. 
For ethane, application of equation 11 allows the calcu- 
lation of AH and AS. As before AH ~ TAS. The ratio 
of AS/S(0) is about 20, nearly the same value as in 


methane. Values of the activation energies and the other 
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parameters are given in Table IV-2. 


ii) Liquid Phase 
In the liquid phase,where electron localization dom- 
inates the mobility,the temperature is a more important 
parameter than the density. Arrhenius plots of the ther- 
mal electron mobilities are given in Figure IV-13. A 
localization model developed from work on ethers (Chapter I, 
subsection C: The ether model) works quite well over the 
entire liquid range away from the critical region (131,195). 
The electrons are assumed to be in two states - an ion-like 
state or an extended (high mobility) state. In the ion- 


3 


Hike state the mobility is of the order of 10° cm°/Vs. 


- 


meine extended state the mobility is 10 to 107 times 


larger. The relevant equations of the model are 


w= (1-x)u°;,expl-E,,/kT] + xuoh (15) 
(equation 26 of Chapter 1) 


co 


x “fue + Sivodenheedls (16) 
N(E) = 1 20° 'exp[-(E - E,)*/o°] (17) 
Ea E(0) - aT (18) 
Seer itlovete wb (19) 
00 eo oe Ce ial leuene ie) (20) 


x is the fraction of electrons in the extended mobility 


fe) O 
state with a mobility of u,- The uw jz and Ej, are 
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respectively the pre-exponential factor and activation 
energy of the localized (ion-like) state. NACE Satire 
relative number of localized electrons that require ener- 
ie=s between E and ih + dE to be excited into the conduetion 
band. The distribution of excitation energies is assumed 
to be Gaussian centered about EY with a dispersion o. 
Both Be and o are assumed to vary linearly with temperature. 
The quasifree electron mobility thee is assumed to vary 
inversely with the temperature and as the square of the 
density. ieee is BK at temperature ane and density 
Get’ 

Unique values of the parameters could not be obtained 
by fitting the experimental data. To reduce the amount 
Seer texibility~in the-calculation, E(0) is anchored at 


ati 30 cm°/Vs at 295K. For ethane, u° = 


0.60 eV and u° ae 


ref 
Peat 185% (thet boiling point for ethane). 
The calculated curves (solid lines) are given in 
Figure IV-13. The parameters used are in Table IV-3. 
Phere does not seem to be a simple pattern to thea 
values.a/E(0) is calculated since the analogous quantity 
for the optical absorption energies in ethers is constant 
oe? x 10°". ‘The n-alkane values are about 25% higher (731), 
Two other points can be noted from Figure IV-13. 
The apparent activation energy along ‘the Tiquid curve Ws 
larger if the mobility is smaller. This LS cCanSIG Lens 


with the above picture. A larger apparent activation 


energy means a deeper trap and fewer electrons in the 
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I ORSEE 27) 


FIGURE IV-13. Electron mobilities plotted against TT! for ethane 
(CQ), propane (O), and n-butane (A), both in the liquid phase (open 
symbols) and the supercritical fluid (solid symbols). Symbols with 
a horizontal bar through them are taken from ref. 120 and 129. 
Symbols with a vertical bar are from ref. 109. 
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extended state. Secondly, the mobility at the critical 


point decreases with the length of the carbon skeleton. 
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3% Ethene , Propene and Cyclopropane 


Data are taken from Tables III-6 (ethene),III-7 (pro- 
pene and III-8(cyclopropane). 

aertecuric Patel Effect 

Available threshold field strengths normalized by n 
are plotted in Figure IV-14. Over the density range 
Shown, du/dE is negative for ethene and cyclopropane, 
and positive for propene. This means at (E/n) > 
1) pe Oehold? the mobility decreases with E/n in 
ethene and cyclopropane,and increases in propene. This 
is in agreement with previous cross-sections for the 
low density gases published by Duncan and Walker (67, 
78). They reported that increasing the electron energy 
from 0.02 eV led to an increase in cross-sections in 
ethene and cyclopropane. For propene, the cross-section 
decreases and has a minimum at 0.2 eV. The effect of 
mean electric field strengths ts to increase the energy 
of the electrons. 

The values of the low density threshold field 
Strengths are 0.27 Td (ethene), 0.44 Id (propene) and 
~0.22 Td (cyclopropane) (Figure IV-4). The ethene 
threshold had been previously reported as 0.3 Td in the 
low density gas at 4 x fol! Sy ees 1019, invarient 
with density (78). These values,compared to the values 
for ethane (0.024 Td) and propane ( 0.08 Td) from 


Figure IV-9 , indicate the greater ability of the double 
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bonded compounds to thermalize hot electrons’ *hhercyc) o- 
propane bonds are not solely Single or double bond in 
character, hence the intermediate value of the threshold 


field (between that of propane and that of propene). 


b. Density-normalized Mobility 


Values of un are plotted against n in Figures IV-15 
and IV-16. The propane data are reproduced in Figure 
IV-15 to allow comparison between the C3 hydrocarbons. 

At low values of. n, un is constant,with values . in 
(a) 


3 


units of 10 motecycm Vs, of 3.3 (ethene), 224 Meycio- 
propane), 1.5 (propane) and 0.54 (propene). In cyclo- 
propane and propene, un decreases gently with n at 


fee 4 xX 102° (Figure IV-15). In ethene the decrease 


20 (Figure IV-16). The decrease 


Beeurs at.n > ,.5 x 10 
continues until the critical density is reached, in the 
wacinity of which there is a tendency for the direttion 
of the change to reverse. The pn vs n curves contain 
mieutlection point in-the Vicinity of the critica 


density nee 1G 207g Wheel Ke | Noun drops sharply wan 2n- 


creasing n. 


20 
The initial decrease in un at n ~ 5 x 10 in the 


Saturated vapor occurs at a density where the average 
center to center distance between the molecules is about 
1 nm. This is larger than either the Van der Waal dia- 
meter of the molecules (~0.4 nm) or the electron-mole- 


cule collision diameter (~0.2 nm) (see Table 1V-4). 
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n(molec/cm? ) 


Density normalized mobilities un of electrons 
in the coexistent liquid and vapor phases, 
plotted against the fluid density. 

O, propane; 4, cyclopropane; 0, propene. 


The arrows indicate the critical densities. 
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FIGURE IV-16. Density-normalized electron mobility in ethene (O) 
and isobutane (0) ) plotted against n. 
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TABLE IV-4 


Molecular Properties for the C4 Hydrocarbons and Ethene 


a 
VDW b c ad 
av) 300K, ; roa? 
(nm) (10 cm) (nm) (1055) ¥eme) 
CoH, 0.36 4.4 0.12 oan 
C34, §=60. 40 M Bas 0.9 
C3H_-1 0.40 32 0.32 ‘ee 


c-Cohe 0.4 6 Jato 1.45 


a. Van der Waal diameter 
oe=82 *xX er 


Seale 
aX Aan ‘| b is the VDW volume constant 
in cm°?/mol, and N Avogadro's number. 


0.2 x (0.099b)!/? nm. 


b. Calculated by Equation 5. 
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Set ay) 300K!" 


d. Anisotropy of polarizability reference apes Ses 
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ime Gecrease “in qin cannot, therefore, be attributed to the 
simultaneous interaction of several uncorrelated molecules. 
The electrons have to be slowed by some process such as 
menose represented by equations 6 and 7. The mobility is 
reduced because the electrons undergo a quasilocalization 
process with density fluctuations. The previous sections 
for methane and ethane have shown that AS/S(0) is about 
constant, indicating that the entropy change is mostly 
Besociated’ with the formation of the localization sites. 
The extent of quasilocalization is an indication of the 
epatityoot?the fluid to form fluctuations’ of -the correct 
size to localize the electron. 

The lack of importance of the double bond at low 
densities can be observed by comparing un for ethene 
wees x 10°3) with that of ethane (3.2 x ‘hove mo'lecy ¥ soma s))% 
The ethene structure is slightly more compact so that 
the cross-section can be slightly smaller, giving rise to a 
larger un. The same is observed in comparing cyclopro- 
pane) (2.45x 1023) coepropane (1.> Xx rpoo ne The lower un 
for propene compared to propane can be attributed to 
the presence of the dipole moment (237) rather than “to 
the double bond. 

As the density is increased, the differences between 
the cyclopropane and the propane un curves increase 
The extent tof molecular clustering should be similar im 


the two vapors at the same value of n/n-- The greater 
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decrease in cyclopropane indicates that the trap depths 
ame deeper in cyclopropane than in Propane for density 
fluctuations of the same magnitude. The cross-over of un 
Beues OCCUrs at n = 1.3. x 102! molec/cm> (n/n. =~ 004 jie 
In the liquid phase the traps continue to be deeper in 
cyclopropane than in propane. However, in liquids well 
below the critical point the electron mobilities are 
stronger functions of temperature than of density. Due 
to the relatively compact structure of the cyclopropane 
molecules, the density of liquid cyclopropane is greater 
than that of propane at a given temperature. The propene 
omrve crosses that of cyclopropane at n = 5.0.x 107" 
molec/cm>, indicating stronger electron localization in 
liguid cyclopropane than in propene. The various cross- 
ings at the high density end of the un curves (n > 7 x Wet 
molec/cm°) are caused mainly by the temperature differ- 
ences. 

The ethene and ethane curves also diverge as the 
density is increased. The ethene curve drops below that 
mpeethane at n~ 6.5 x 1029 motacvcn: (n/n. =) Va ont, ae 
ratio of un at the low densities to that at the critica 
density is twice as large in ethene as in ethane. These 


results indicate the greater importance of the double 


bond in localizing electrons at the higher densities. 


Sipenpasitian of Figure LV-15 and IV-16 would show that 


the ethene curve lies above those of the C, hydrocarbons 
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geea)) densities. For the liquid phase densities it has 
already been noted above that the temperature effect dom- 
inates. At a given density the temperature decreases in 
the order cyclopropane > propene > Propane > ethene. The 
Arrhenius plot for the liquid phase mobilities is dis- 


cussed in the following section. 


con wemperature Effect 
i) Gas Phase 


The Arrhenius plots of gas phase electron mobilities 
in ethene, Dropene and cyclopropane are given in Figures 
IV-17 to IV-19, respectively. For both ethene and cyclo- 
propane, the temperature coefficients at the lowest den- 
Sity isochores are about 0. Propene has a slight increase 
but the temperature coefficient of 0.6 kJ/mol is only 
half of that in propane( 1.2 kJ/mol) at the same density. 
These curves were used to obtain the velocity dependence 
of the momentum transfer cross-section as for the n- 


alkanes. The fitting equations are: 


ethene Bie cab ome Oe eee aes (21) 

propene i ice: er ens (22) 
=i 

cyclopropane o, = Boe XO V [734 


which give average cross-sections at 300K, 1h: UGS Or 
107! Som? of tee 2 oe and 6, respectively (Table IV-4). 
At higher densities the temperature coefficient seems 


to increase slightly, but the extent is much less than in 
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existence curve (QJ) and above it (O), plotted against see 


The dashed line was calculated using equation 20 of Chapter I. 
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Electron mobility in gaseous propene, along the co- 
] 
The 


FIGURE IV-18. 
existence curve ((J) and above it (O), plotted against T 


dashed line was calculated using equation 20 of Chapter I. 
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FIGURE IV-19. Electron mobility in gaseous.cyclopropane, along the 
co-existence curve (LJ) and above it (©), plotted against T 


The dashed line was calculated using equation 20 of Chapter I. 
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the n-alkanes (Table IV-2). Even in propene the tempera- 
ture coefficient appears much less than in propane (Fig- 
ure IV-11). The cross-sections determined by Duncan and 
‘Walker (67,78) can be used to explain these results as 
follows. 

The electron mobility is determined by an integral 
over (v?/o,) exp (-mv*/2kT) dv where v is the electron 
velocity, m the electron mass, O,, the scattering cross- 
section at velocity v and k Boltzmann's constant. In- 
creasing the temperature shifts the Maxwellian distribution 
to higher energies so that chy at large velocities becomes 
important. For 300K, the relevant range of energies is 
about 0.005 < e < 0.15 eV. There is a minimum in propane 
at e ~ 0.1 eV and in propene at e€ ~ 0.2 eV. The minimum 
is both deeper and wider in propane. The same relative 
temperature increase can be expected to increase (v3/o,) 
to a greater extent,for thermal electron velocities, 
for the propane distribution than for the propene. 
Heating along the isochore then gives a greater increase 
enemobi lity in propane. 

In ethene and cyclopropane there is no pronounced 
minimum in the scattering cross-sections (67,68). At higher 
energies, the cross-section increases. This would lead 
to the expectation that heating the gas along an iso- 
chore would lead to a decrease in electron mobility. 

This is not observed (Figures IV-17 and IV-19). This 


indicates the presence of a competitive process which 
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is increasing the mobility and counterbalancing the heating 


effect, or which is cooling the electron distribution. 


ii) Liquid Phase 

Arrhenius plots of the liquid phase electron mobilities 
are given in Figures IV-20 and IV-21. The solid curves 
are calculated by the model discussed earlier (equations 
15-20). The parameters used are given in Table IV-3. 

Unlike the density plot (Figure IV-15), the C3 tem- 
perature plotecurves do not cross (Figure 1V=20). the 
ethene curve is plotted separately to avoid conjestion 
(Figure IV-21). Plotting ethene on Figure IV-20 would 
nave it cut across all the C. hydrocarbon curves. 

Comparison of the C. hydrocarbons shows an odd behav- 
wor on the part of cyclopropane. It does not, have a 
dipole moment. Even with the n-like electron behavior 
feents bonds tt is not expected,tto capture electrons 
more efficiently than propene. In the liquid phase, 
the mobilities are dependent upon o° ,the anisotropy of 
polarizability (107). From the values of a° (Table IV-4), 
the mobilities at a density away from the critical region 
would be expected to fall in the order propane > cyclo- 
propane > propene. However, the observed order is pro- 
pane > propene > cyclopropane. The cyclopropane value 


is anomalously low, indicating an exceptionally stable 
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FIGURE IV-29. Arrhenius plots of electron mobilities in liquid propane 


(O), cyclopropane (4) and propene (0). Filled points represent super- 


critical gases at the critical densities. G4 A and Cl are propane, 


cyclopropane and propene data from reference 109. “© are propane 


data from reference 120. The lines were calculated from equations 15-19, 


USing the parameter values in Table WES 
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FIGURE IV-21. Electron mobilities in liquid ethene (()) and iso- 
butane (O) plotted against Tt! solid symbols are for the super- 
critical fluid. (-O) are isobutane data from ref. 114. The solid 
lines were calculated from equations 15-19, using the parameter values 


in Table IV-3. 
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mecalized state. The importance of the ion-like state can 
be seen from the sharp drop of the mobility as the cyclo- 


propane liquid is cooled from the critical region. 


The cyclopropane type behavior also exists in ethene. 
Indeed the decrease is more rapid in ethene. Decreasing Liles 
from | to 0.8 decreases the mobility in ethene by 800 fold 
eempared.to a factor .of 150 in cyclopropane and.9 in 
propane. While both ethene and cyclopropane have T- 
electron character, neither has a permanent dipole moment. 
Propene does. In the gas phase, the mobility varies in- 
versely as the dipole monet (236). ~That- the reverse 
applies in the liquid shows that another process must be 
Overcoming the effect of the permanent dipole. This is 
similar to the finding in the butenes (108,131). The 
mobility of electrons in liquid cis-butene-2, which has 
a dipole moment of 0.3 debyes, is larger than that in 
liquid trans-butene-2 (Table IV-5). Comparison between 
behavior in n-butane and the butenes is even more 
interesting. Putting a double bond in the Cy molecule 
results in a higher mobility in cis-butene-2 and iso- 
butene and in a lower mobility in trans-butene-2 and 
butene-1. The dipole moment is about the same in cis- 
butene-2 and in butene-1 yet the mobility in cis-butene- 

2 is larger than in the alkane, and smaller, in butene-1. 


This can be included in the framework of the other hydro- 
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TABLE JV-5 


Mobilities and Dipole Moments for Cy Hydrocarbons at 296K" 


D ie 
(debyes ) (cm2/V s ) 
hats bULene=z U0 Oe OZ 
Butene-| 0.34 0.064 
n-Butane 0.0 Dou 
Isobutene D0) Lae 
elo -ouvene=c 03 Cae 


a. Data except for n-butane taken from ref. 131. 
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carbons by noting that the double bond fixes the carbon 
skeleton, in the case of cis-butene-2 and isobutene, into 
more sphere-like molecules than n-butane. A higher degree 
of sphericity tends to result in a higher mobility (107, 
108). The trans-butene and butene-1 are fixed into rod- 
like shapes which would tend towards lower mobilities. 
Sphericity by itself cannot explain the ethene, 
cyclopropane and propene results. Cyclopropane and 
ethene are more spherical compounds. Both are small 
molecules which are tightly packed together in the liquid. 
Away from the critical fluid, the number density of ethene 
in molec/cm> at a given reduced temperature is greater 
than that in cyclopropane which in turn is greater than 
that in propene. The tighter packing in ethene and cyclo- 
propane in the liquid may enhance temporary negative ion 
formation. 
The behavior may be related to that in carbon 
mreetae at 293k (739). At n > 3.9 xX ieee the ratio of 
the electron drift velocity at a pressure p to that at 
66 kP. swhich Will be labelled q, Sharply Gecredseds yan. 
eae. X To 4 was about 500 times that of the ratio 
of ion drift velocity at pressure p to the electron 


2] 


Orift velocity at%6 KkP.. Gen ae aie ce es »Vqlelectron) / 


v4(ion) 4s 3-4. Carbon dioxide like ethene and cyclo- 
propane is a symmetrical molecule with «0 eharacter 


electrons. The enhanced trapping is a function of 
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density, not of temperature. It was Suggested that the CO, 
formed a negative ion which was stabilized by solvation at 
higher densities. Negative ion formation in the liquid 

phase has also been postulated for trans-butene-2 (131) and 
benzene (110). It may be that the low mobilities in ethene 


and cyclopropane are due to temporary negative ion forma- 


f7TONn. 


4. Isobutane 
Data for isobutane are taken from Table III-5. 
UScLeCennCer Led "ht Tect 

The threshold field strengths for isobutane are in- 
cluded in Figure IV-14. The value appears to be 0.24 Td, 
mvcrrant of density for n < 1.5 x ides This value is 
meagreement to. a previous value of 0.25 Td reported at 
moetorre (68). uebhe ;Lowntield ian 1s 9a. 150.1 nyax tant “oT 
Pensibyeloncthe nanges<and has .a value af .5a9 x nye 
molec/V cm s (Figure IV-16). This gives a threshold 
drift velocity of 1.4 km/s. No sound velocity 
YValuesearne available for’ isobutane. ‘In vthe* low*density 
gas, the low frequency velocity of sound, c, is given by 
(240) 

aiken (ghs0) os (24) 

where y = Ci/Cy is the heat capacity ratio, Pidyne/em) 
the pressure and D(gm/ cm?) the density. Assuming y=1.1 


moc iegives c. = 210 m/s at 283K and 297K for isobutane. 


fe copouel 


Sens 


ie TA Ue 


feuldr aa ns FR 1 wort 
art gia fat ae “wna 


) dye ming ash 
i dow wet ot 


4 ane it nin # a9 Me i seins 


2 


:. el = < 
he iis 


ented wie scatudoe? 16Y 6iam 


Hetstuscoq nese pe 
ia 
tens od yan th LOT om 


foe 


~ 


i e 


a i¢ : q 4 bd 
yee te OS 2) 4239 Le a & 
scl «no? AWpbweite Stott ‘Kodestda’ le 
Otey oat r—¥I e7up?t, at 
PHT , 70) yahensbh To Jae 71 
a 7, 7 — has a 
oF, i> syolvetd. 6 a7 snamge 
en, : ; a 
it ;' 4 L.et wo’ ‘oni (857 "Od 
icv a @80 Bake , 90064 SAT- x7 iste 
ri povirg CbAD was fue] “erupt } 2.400 Bhs. 
\ 7 i 
Pr 
OReae We ae » E to (thoolew: Ba ai 
; x is ce. 
eoriortge ty wat gtdoftevea we “a 
; aa , ie i 
vifooto’. Yoaroupst? wo} ‘ett 31 
oF. \ | r 7 ek » 
his a4 (0h 
, @yry) #9 a ; r 
Julien. ao * . ‘ mt 
= , = 
\ v9! sh wits ahah ey . 


| ina (Fy iio) 


| ye ei oe i 
we ois sovee atte 


ae 


ae . 

} i" 
’ 

a 7 


; Teel 


The ratio Vq/€, 1S hence about 7, twice the value in 
ethane, and a bit larger than that in neopentane which 

Was reported as 5 (70). Values for isopentane and n- 
pentane were also reported as 15 and 100. Values of Co in 
propane and n-butane from equation (24) are 240 and 

220 m/s (at T < 297K). Using data of section 2 gives ratios 
of 5 and 50 respectively. As noted in the methane section, 
an increase in RO eae tiididt i reflects a greater import- 
erce of inelastic processes. “From “the values above, it 

can De noted that the less rigid the carbon skeleton, 

mie larger ‘tive ratio. “This can be attributed to the 
possibility of greater rotational modes of energy loss 

and hence a greater ability to cool the electron distri- 


bution. 


b. Density-normalized Electron Mobility 

Values of yun are included in Figure IV-16. There is 
no quaSilocalization dip as in the n-alkanes. The low 
mensaty value of, 5.9 x hele molec/cm Vs is less than 
that in propane (1.5 x vie though isobutane is a larger 
molecule. The same curious effect has been noted in 
the pentane series (70). Isopentane and n-pentane both 
have larger un values than neopentane. As well, neo- 
pentane displays no minimum (70,73 ).6 Jt was noted that 
increasing E/n at low densities leads to the un in 


both isopentane and neopentane approaching the value in 


n-pentane. 
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Increasing n leads to the same effects as in the other 
compounds. Formation of the conduction band decreases the 
Scattering cross-section and increases unm. | There 1s. 
pronounced maximum. At higher densities un decreases as 


the short range repulsive forces gain in importance. 


OC. wemvenacure Effect 


inevArrhenius plot of the gas phase mobilitisesmis 
Shown in Figure IV-22. The temperature coefficient for 
the isochores with n/n. = 057 O55, 0. 265 20) land alee 
Meee bo, 6.34 2.0 andez.2 ki/mol, respectively. Uihe 
values for the n/n. ? Ul’ Tsochores “are similar “to- hat 
of the other alkanes (Table IV-2). Isobutane however has 
a much larger value for the n/n. =.0.026. curve, - {ints 
would support the notion of a thermally activated local- 
ization process even at low densities. In a similar 
fashion the activation energy in low density neopentane 
Seays at a much larger value than in isopentane or n- 
Pentane.(70). ‘The controlling factor ‘appears: related 
bo the shape of the carbon skeleton. 

The low density isochore (dashed line) in Figure 
IV-22 was analyzed for the cross-section as in the other 


compounds. The appropriate cross-section is 


OE ee aaa (25) 


V 
; -16 Z 
giving an average cross-section Oe eke cm at 300K. 
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FIGURE IV-22 Electron mobility in gaseous isobutane, along the co- 


existence curve (CJ) and above it (O), plotted against es 


The dashed line was calculated using equation 20 of Chapter I. 
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The Arrhenius plot for liquid phase mobilities in iso- 
butane is shown in Figure IV-21. Mobilities in the liquid 
greater than 1 cm*/V S are usually considered large . Iso- 
butane,with a value near its boiling point,of 4.9 resembles 
other sphere-like hydrocarbons in that the mobility in the 
region of the boiling point is large (107,114). Another 
trait shared by these hydrocarbons is that the electron 
mobilities possess a maximum below the critical temperature 
(130,132). The greater degree of sphericity seems to pro- 
vide a smoother potential surface for the electrons. As 
a result, they are less readily localized. At lower tem- 
peratures there appears to be a transition in the iso- 
butane curve. As a result the mobility drops fairly 
sharply. 

The solid line through the isobutane mobilities is 
mafciidted as for the other compounds. The parameters 
are included in Table IV-3. Due to the large value of 
miemobility near its boiling point, a-.reference mobility 
or 1:10 Shara s at the lowest temperature, 140K, was used. 
This corresponds to a reference mobility of 83 at the 


Holling point. 


Drees uudd Phase Model Parameters 
Due to the degree of flexibility in the choice oF 


the liquid phase mobility model parameters (Table IV-3), 
it is difficult to draw firm conclusions. To attempt 


Pera 0 
reduction of this flexibility,u., and €., are fixed to 
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values near the average in the hydrocarbons. In ethane 
and ethene the values are sufficiently different that values 
from the experimental curves (data in next section - Ion 
Mobilities) are used. As well, while Up 1s usually taken as 
30 cnc iNS at 295K, larger values are used for ethane and 
ethene since their critical points are below 295K. The 
large experimental values of the electron NOD Cyan 
isobutane near 295K also imply a larger up 

The ratio a/E(0) has no simple value. In ethers, 


fhe corresponding ratio, is,about.1.7. x 10s Ko 


isda. 
moo eas held, to.0.6 eV for,all the liquids. The ratio 
reflects the effect of the temperature on the mean trap 
depth. In previous works the value of WSR y Ron) at 300K 
maeemrsed (j/l,13z2) since, 300K was,in.the region of “the 
Poadling points...Since the boiling points for, the present 
eystems can be,far. from 300K, the ratio in- Table IV=3. is 
PrPuicilated, at the boiling, point... The ratio, is. larger 


when the mobility at that temperature is smaller. A larger 


ratio indicates a deeper trap(71). 
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B. Jon Mobility 
pelectrio Eield Strength 


For all the systems investigated the ion mobility is 
independent of applied electric field STVeN tin Uso 
Maiee- ot E/n of 0.5 Td (1\Td = 10°'? vom@/motec) an the 
normal liquids and 2 + 1 Td in the normal vapors. The 
mobility vs E/n plots have been given in Chapter III, 
Bection B. SThe ion mobility results are summarized in 


Tables III-9 to III-16. 


eo BPensity-nermalized Mobility 


The density-normalized ion mobility ian as, Protted 
against n in Figures IV-23 and IV-24. The liquid and gas 
cell values in the supercritical fluid are averaged and 
that Boras used to adjust mobilities about the critical 
region so that the liquid and gas phase curves merge 
smoothly. Typical adjustments are in the order of 10% 
Ormeiess. Ini TSobutane, the gas phase results are con-= 
sidered more reliable at the critical point. Liquid 


2] 2 


ouese results at 2.3 x 10 ames So eG molec/cm> are 


increased by 28%, bringing them in line with the gas phase 
results and liquid phase results at n > 5.5 x ‘gee 
a. Low Density 
In contrast to the low density values of wn for 
electrons, which vary over an order of magnitude between 
the different systems, the u,n values vary over a factor 


of 4 (Figure IV-23 and IV-24). The presence of dipole 
moments and the shape of the molecules have little effect. 
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mie Main FactoOraseems. to besthe-physical size of the mole- 
cules. Methane has a ventyalueroF 3.9>x Toe Ethane 
which is about twice the size of methane has a value of 
ee Oi, x ee Propane and n-butane have correspondingly 
smaller values. The lack of importance of factors such 
as unsaturation of carbon-carbon bonds, dipole moments 
and branching can be seen from comparing the compound 
curves in Figure IV-24 to the corresponding n-alkane in 
Figure IV-23. Ethane and ethene have similar values at 
low densities as do propane and propene, and n-butane 

and i-butane. The slightly larger value of wn in cyclo- 
propane compared to that in propane can be attributed to 


pie more compact structure,of the.cyclic.molecule. 


De perrect oot Density 


As therdensity:iseincreased from dilute gas values; 
ene Valuenof .uin does not change until the critical 
region is approached. Near the critical region yn in- 
creases in value, passes through a maximum ata nn. ,;and 
then decreases. The initial increase has been attributed 
to destructive interference of attractive electrostatic 
interactions when the ion is near to more than one mole- 
cule at a time,and the subsequent decrease at high den- 
SreyeEo Obstruction, of translational motion of the ion 


by the now closely spaced repulsive cores (174). 
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She Temperature Dependence 
a. Low Density | 


Arrhenius plots of the ion mobility vs tT! for the 
eight hydrocarbon systems are given in Figures IV-25 to 
IV-31. The temperature dependences of the ion mobility 
along isochores at low densities are used to obtain aver- 
eye cross-sections: The dependences are obtained by least- 
equares fit of the logarithm of the mobility against the 
logarithm of the temperature. These curves are shown by 
dashed lines in Figures IV-25 to IV-31. The expression 
for the density-normalized mobility of Viehland and Mason 
(171,172) has been reduced by gamma functions (174) to 


% (a-1)/2 
un = Saleem 27 41 <8%y/ 2k1 (26) 
4A 1(3-a/2) M. ue 


where e is the electronic charge, M. the reduced mass of 
Grer1ohn-molecule system, k Boltzmann's constant; Tf the 
temperature, si and a constants and T, (r(x) =(x=1)1)) ts 
a gamma function. It has also been assumed that 

ae Av where v is the relative velocity between the 
jon and the molecule. From the least-squares fitting of 


Dog iV vs), 109) Ts A is obtained from the intercept at 


hao | =O and o. from the slope. The average cross-section 
is then 


ae NON fe Oi beer 
sy Vo] aN/ 


af2in(o + af2) (27) 
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FIGURE IV-25. Arrhenius plot of the ion mobilities in methane (open 
symbols) and ethane (solid symbols). Data represent values in the co- 
existence curve gas (C1), co-existence curve liquid (4) and along iso- 
Chores in the gas (O). The dashed lines was calculated using 


equation 26. 


ee 


+ 


P arerne 


. 
a 


A me i4 7 ‘ 
A 5 a “t 7 ‘te 
Y gee ‘ : We . : 
‘ ; J y i = ' 4 " : 
; d , vi 7 - - 


, 


A : 
Ft Top ooh ge Jord: satrayIR, BS tise ue 
mtn ared (eter btiez) eninge: be (eto 
wor? oy Gana etAoHen (EN) eng sve sander 
‘vothg taeagat Sateen att (CO) ep anton as 
; | | - 8S agi 


aN 
te 


pu. (cm*/Vs) 


nO Calo pyterb 


FIGURE IV-26. Arrhenius plot of the ion mobility in propane. Data 
are for the co-existence curve vapor (CJ), co-existence curve liquid 
(A) as well as along isochores in the gas phase (O). The dashed 


line was calculated using equation 26. 
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FIGURE IV-27. Arrhenius plot of the ion mobility in n-butane. Data 
are for the co-existence curve gas (C1), co-existence curve liquid 
(4) as well as along isochores in the gas (O). The dashed line 


was calculated using equation 26. 
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FIGURE IV-28. Arrhenius plot of the ion mobility in ethene. The data 
are for the co-existence curve gas (C1), co-existence curve liquid (A) 
as well as along isochores in the gas (0). The dashed line was calculated 


using equation 26. 
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FIGURE IV-29. Arrhenius plot of the ion mobility in propene. The data 
are for the co-existence curve gas (11), co-existence curve liquid (A) 
as well as along isochores in the gas phase (0). The dashed line 


was calculated using equation 26. 
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FIGURE IV-30. Arrhenius plot of the ion mobility in cyclopropane. The 
data are for the co-existence curve gas (C1), the co-existence curve 
liquid (4) and along isochores in the gas (0). The dashed line 


was calculated using equation 26. 
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FIGURE IV-31. Arrhenius plot of the ion mobility in isobutane. Data 
are for the co-existence curve vapor (CJ), the co-existence curve 
liquid (4) as well as along isochores in the gas (O). The dashed 


line was calculated using equation 26. 
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The fitting parameters and the cross-sections are 
tabulated in Table IV-6. Since the u,n values are similar 
for the alkenes and their corresponding alkanes, it might be 
expected that the average scattering cross-sections also be 
mide. nts TS Not the case at 300K , which indicates that 
factors other than the cross-section affect Lota Tnese 
factors can be obtained by noting that combination of 
eedaraons (26) and (27) gives... for 300K *, 


(UM) s59¢ (Fay) 300K DUNES ese 4 Ba 72: tof = constant 


(28) 
rather than 


(Ui) sogn (Fay) 300K = constant (29) 


Introduction of the reduced mass and the gamma functions 
gives a constant term, as expected from equation 28. 
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As the density increases, the temperature coefficient 
paond-the isochores increases. These coetficients are now 
the same,.as) those of the electron curves (section, A). 
For example, the low density ion mobility curves for ethene 
and cyclopropane (Figures I¥-28 and IV-30) show a clear 
increase with temperature whereas the electron mobility curves 
do not (Figures IV-17 and IV-19). 

Along the co-existence curve, the variation of logu, 
VS ad is approximately linear in both phases except near 


the critical region. The temperature coefficients are 
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TABLE IV-6 
Parameters for Ion Scatterin Cross-sections 
19 
n/10 
/ : z. are (53) 300K 
(molec/cm~ ) cio7!4 cm?) 
Ch (2) (1) (2) 
CH, aa TS, Tx 1022) ae 
ar 6.8 2:3)) 5.9 x 10° 3 20s 
CaHp 6.7 2.86 1.8 nae 2.5 2.2 
n-C4H, 9 16 5h 6.0)x 10s one 10ke ee 
CoH, 19 208. '..6.4 % 10; _.4.1 % 10. een 
CaHen1 Bee 271 -4.9 x10 C208 ee ee 
c-C aH, 35 4-50) A.2x0 Bele oe 23.4 210 
2 2, 2. 
i-CgHy 0 5.9 2.99 6.0 3.4 3 4 


(1) 


Assumed mass of ion equalled mass of molecule (monomeric ion) 


Assumed mass of ion equalled twice the mass of the molecule 


(dimeric). 
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given in Table IV-7. In the n-alkane series, both the tem- 
perature coefficients for the gas phase E (gas) and the 
liquid phase E (liquid) increase as the length of the 
carbon chain increases. The gas phase values are about 
the same in the alkene and the corresponding n-alkane. 
Along the co-existence curve, increasing the temperature 
leads to an increase both in the vapor pressure and in 
the gas density. Away from the critical point the pres- 
sure and density change at about the same rate. An 
Arrhenius plot of the vapor pressure vs Tee gives an 
“activation energy" of Aap? the heat of vaporization at 
the normal boiling point (241). Since the density is 
varying approximately as the pressure, and the ion mobil- 


ity varies inversely with the density, E. (gas) should 


a 


be about the same as AH Values of the ratio E(gas)/ 


vap- 
AN yap (Table IV-7) are not exactly 1.0 but are close 
enough that variation of E (gas) between the different 
systems can be taken to reflect variations in AH ap: 
The liquid phase ion mobility is most often correl- 
ated to the viscosity n (61,79,80,96,97,112,130). Stoke's 
Law applies for the motion of an object through, a fluid 1f 
the object is large compared to the mean free. patha(242)% 


If the effective radius of the sphere is constant, then 


Peewproduct un is constant (this 1s Walden's rule, 
ref. 243). It has been found in a number of ethers and 


= ies Saal 
alkanes that u, varies as n — CT 200 ee 
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general for a given compound the ion mobility should vary 
as the viscosity raised to a power of (-E (lig)/E.). This 
matio is “given tn'column 6-of Table IV-7> for %theveight 
hydrocarbon sysvems -VeihewWalues for thes nsatianeseane 
similar to those reported earlier. The much larger 

E (liquid) for isobutane compared to n-butane can be 
attributed to the much larger EY, for isobutane. The 
larger ratios in propene and cyclopropane, which imply 
that another process is nearly as important as the 
Mvariation in visocity, may be due to the E (liquid) 


being measured too close to the critical region. 
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C. Free lon Yield 
1. General 
The free ion yield Ge; is defined as the number of ion 
pairs that escape the spur into the bulk medium for every 
100 eV of absorbed dose. Application of an electric field 
pameenhance the yield. The free ion yteld at field E, 
ar Gan be related to the: total fon yield Gat by equation 


31 of Chapter I which was 


E bs 
Shes Sto f o(y,E)F(y)dy 


O 


G 


where F(y) is the distribution of initial electron-ion 
separation distances y at thermalization and ¢(y,E) is the 
lTiklihood that an ion pair separated by a distance of y 
mo orm a Tree ion pair. The’ curves’ tn Chapter 11], 
Section C are calculated using the form of d(y,E) developed 
by Terlecki and Fiutak (209) and a modified gaussian 
function for F(y) (6). This form of $(y,E) has takén into 


account the angle of the ion pair with respect to E and is 


n-1 j+] 
00 (n-j)(r_/y) 
n GC 
; : —_____—_—-— |. (30) 
o(y.E) exlrelo| Zany Qo (5+1) ! 
n=1 deU 
2 
where — a (31) 
(2 
and B oe Se 
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constant, k Boltzmann's constant, and T the temperature. 


ine form of F({y) used js 


F(y) = 0.96 YG Vise udd (33) 
ty) .= 0.96 [v5 + 0.5(0°/y*) | Vig? a2 0b (3a) 
where 2 
4 
YG = “Ez exp(-y°/b*) (35) 
tT *b 


The 0.96 is a normalization factor and b the adjustable 
dispersion parameter. The value of b is also the most- 
probable value of y and is called the thermalization range. 
This value is an inverse function of the electron energy 
loss cross-section of the molecules. The parameter usually 
used to approximate the ability of liquids to interact 

and slow down epithermal (e > 0.1) electrons is the 

density normalized thermalization range,bd,where d is in 
g/cm? (107,141,143,149). The average of the positive and 
negative voltage values of bd from Tables III-17 to III- 


Pose) plotted in» Figures, 1V-32. to IV-35. 


2. Low Density 
For the liquid phase it has been suggested that the 
major portion of the thermalization length occurs when 
the electron has but a few tenths of an eV of energy (2). 
Correlation of bd curves with mobility curves over the 
entire liquid range, including the occurrence of maxima 
in bd vs T plots only when such maxima occur in nu, VS T 


plots,led to the suggestion that a major part of the 
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range b is attained in the conduction band Cas) 3051 32) 
In the low density gas there is no conduction band. 

mee ditferences in bd values as the carbon chain is in- 
creased from that of methane to that of n-butane (Figures 
IV-32 to IV-35) are only 12%. Differences between the 
other alkanes are even less. The difference between n- 
butane and isobutane (Figure IV-33) can be attributed to 
the greater flexibility of the n-butane molecule which 
allows a greater degree of rotational excitation. 

The lesser value of bd in cyclopropane compared to 
that in propane (Figure IV-34) is due to the partial 7m 
electron nature of the cyclopropane bonds. Ethene (Fig- 
gure IV-33) though a smaller molecule than cyclopropane 
has full a electron character and has a smaller bd value 
than cyclopropane. Propene, which not only has 7m elect- 
ron character but a permanent dipole moment, has a yet 
smaller bd value. These results conform to the notion 
of m electrons being better de-energizers of epitherma] 


electrons than o electrons (149). 


Bae Ete ect/of Density 


As noted in Section A, increasing the density from 
dilute gas values leads to conduction band formation at 
a density below Nos The ability of a fluid to support a 
conduction band, that is smoothness of the potential at 


higher densities, can enhance the value of bd. In 
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FIGURE IV-32. Density normalized thermalization range in methane 


(O) and in ethane (C1) plotted against n. 
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435. 
methane (Figure IV-32), the greater freedom o¢ motion of 
the electrons leads to a sharp separation oF tne bd curve 
from that of ethane in which the electrons ere quickly 
localized. Propane (Figure IV-34) and n-butane (Figure Iv- 
33) have results similar to those in ethane There is no 


rise to a sharp maximum. The curves decrease sliachtly in 


mW 
yy 
i 
iy 


the order ethane > propane > n-but 


iy 
an) 


Isobutane, a Sphere-like wmolecul is usually classi 


()) 
1) 
i 
iw 


fied as a high mobility fluid (114). It & clear maximum 


wt 
it 
inal 
i 
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in a plot of ua, VS T. The bd curve rises to a clear maxinun 
away from the n-butane curve, indicating the greater smooth 
ness of the isobutane potential (Figure I1V-33). 

Of the remaining three compounds, only cyclopropane 
Shows any inclination to increase in the bd curve near the 
Critical region. The aw bond compounds show a decrease in 
the critical region and have lower values in the liquid 
than in the gas. 

4. Effect of Scavenger 

Free ion yields were measured 1m mixcures of isobut- 
ane and sulfur hexafluoride, an electron scawenger The 
mixtures have 0.15, 1.2, 4.9 and 9.5 mol % of SFE at the 
critical points. The bd's are plotted against T in 
Figure I1V-35. The effect of the SF, is to decrease tne 


thermalization range. It has been notee enat ‘ 
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ion yields and hence bd values would not change (232). That 
a change occurs indicates pre-thermalization Scavenging. 
The disappearance of the bd maximum as the mol % of SFE 
increases may show that the amount of SF ¢ is enough to block 


escape of the electrons through the conduction band. 


DPD. Summary 


A number of observations can be made about the inter- 


action of electrons and ions with organic fluids. 


1. Electron Mobility 

The electron-molecule scattering cross-section in the 
low density gases depends upon the molecular structure. 
Properties that correlate with an increasing cross-section 
are an eae ini size, permanent dipole moment and degree 
of sphericity. The density-normalized electron mobility 
Uans which is inversely proportional to the scattering 
cross-section,decreases at n = 1.0 + 0.4 x 10° molec/cm>, 


except in the case of isobutane. As n approaches No» the 


un values tend to increase. 

In the liquid, the mobility is more a function of the 
temperature than of the density. Away from the critical 
region, the electron mobility is larger and the temperature 
eeefricient smaller if the localized state is dess stable. 
This stability depends upon factors such as the molecular 


symmetry and the packing of the molecules in the liquid. 
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Heating the liquid towards the critical region increases 
the mobility and the temperature coefficient. High mobility 
liquids tend to have an electron mobility maximum at a 


temperature less than Tee 


The electron mobility shows a dependence on field strength 


ltt 
oS rae In the gas, the region where the mob- 


at E/n > 10 
ility would increase is at a lower density than the region 
where the mobility would decrease. The transition between 
these two field dependences need not occur in the gas phase. 
Mme fatio Of the threshold drift velocity to the velocity of 


sound indicates the relative contribution of inelastic 


scattering processes compared to elastic processes. 


Peas. ou MObi lity 

The ion mobility is independent of applied field strength 
Opto E/yn = 0,5 Td yin, the liquid .and jEkn = (aegek (la tae 
gas. Along the isochores, the ion mobility has a positive 
temperature coefficient which tends to be larger than that 
of the electron mobility at the same density. The values of 
u,n at low gas densities depend on the molecular size. The 


temperature coefficient along the co-existence curve at low 


, F -] 
Pensities 75. saAmielar, bo AH ap? since yp, varies asn_ . At 
higher densities the u,n values increase, passing through 


the critical density to reach a maximum at n > n. Higher 


Hensaities tead to a decrease 1n Un values. 


In the liquid phase, the ion mobility varies inversely 


with the liquid viscosity although Walden's Rule does not 
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hold. 


3. Electron Thermalization Range 


The low field electron and ion mobilities reflect 
scattering cross-sections within a Maxwellian energy dis- 
tribution for the temperature of the measurement. Thermal 
activation effects can be important. By contrast, the 
density normalized ranges bd are determined by the behavior 
of epithermal electrons which are affected by cross-sections 
at e€ > 0.3 eV. Thermal activation effects are small. 

The bd values in the low density gas are decreased by 
increasing size, degree of unsaturation of carbon-carbon 
bonds and flexibility of the carbon-carbon skeleton. If 
a conduction band exists, the epithermal electrons can 
enter it. Increasing the gas density towards ne leads to 
a large increase in bd in high mobility liquids. There can 
be a bd maximum in the same temperature range as the elect- 
ron maximum. Addition of SF to a high mobility liquid 
decreases the bd values and removes their temperature de- 
pendence. These observations are in accord with the idea 
that a major part of the thermalization range is attained 
by epithermal electrons moving along in the conduction 


band. 
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For the mobilities, the expected value was taken to be 


the average mobility. For the free ion yields, the 


expected value was taken to be the calculated value. 
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TABLE A-1 


MoDIia ty, Errors 


Figure n Average 
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a) Electron Mobility Curves * 


66 Ya oS 0.46 4%! 8 
71 296 neo rachel 
58 203 1.8.9 2.0 
5] 371 syed oh pad 
40 435 Lit Bea) Faz 
a 425.5 23.6 1n0 
29 353 49.9 6.6 
19 28] 80.4 ao 
18 188 109 Das 
3 Ace P30 “Ae 8 


b) Ion Mobility 


83 193 0.621 3.5 
99 she 1.64 ra) 
75 144 4.66 sel 
89 383 7.51 eS 
97 424 16.8 Zee 
106 408 2260 3.9 
117 364.6 38.6 2.1 
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Table A-1 (continued) 


if n 

K 1029 molec/cm™ 
297 86.2 

E73 122 
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% error 


on the field independent portion only. 
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TABLE A-2 


Free Ion Yield Errors 


0.0611 


0.0575 


Polarity 


of voltage 
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